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With expansion of the economy, more and more highway networks extend to coastal areas and 
mountain valley areas. Vehicles will be exposed to strong crosswinds when driven on these 
highway roads, especially in hurricane season and in winter in these two different topographic 
areas. Strong crosswinds threaten the safety of transportation infrastructure and passing vehicles 
in forms of vehicle accidents that usually result in traffic blockage and driver injury, posing 
negative effects on economic growth. This dissertation aimed to evaluate the vehicle safety when 
running through crosswinds in consideration of driver behaviors. 
 
Firstly, the aerodynamic characteristics of road vehicles were identified using computational 
fluid dynamic method.  Aerodynamic coefficients of a high-side lorry running in crosswinds 
using both traditional resultant-wind velocity method and relative-motion approach were 
compared. In addition, the aerodynamic coefficients of multiple types of vehicles were 
investigated. The curves of aerodynamic coefficients for different vehicle types against wind 
yaw angles were obtained. 
 
Secondly, an experimental investigation on the vehicle performance and driver behavior was 
conducted by taking advantage of the LSU’s driving simulator. This study revealed the 
repeatability of driver behavior and the effect of crosswind speeds on the vehicle performance 
and drivers’ behavior through a statistical analysis. More scenarios were considered, such as 
driving in windy-rainy conditions. A regression model of the steering wheel angle turned by 
drivers was obtained. 
 
Finally, safety assessment of vehicles was performed based on an improved wind-vehicle-bridge 
coupled system and considering driver’s behavior using a series of driver behavior models. For 
different types of road vehicles, rigid frame vehicle model and flexible frame vehicle model were 
developed. Accident criteria of lateral side slip, rotational deviation, and rollover were 
considered. To investigate the influence of driver models, four driver models were considered in 





CHAPTER 1. INTRODUCTION 
As a significant part of disasters, vehicle accidents are causing more injuries and casualties than 
any other natural or non-natural disaster in the United States as well as in other developed 
countries. Negative effects of hazardous driving environments on the vehicle performance have 
been recognized worldwide. Large trucks are vulnerable under strong wind due to the large wind 
forces caused by their large size shapes. Adverse driving environments and roadway conditions 
have been blamed for single vehicle accidents and a series of bad collisions resulted from 
roadway offsets and large heading errors. In coastal areas, hazardous driving environments may 
mainly include strong wind and inclement weather (e.g. snow, rain, and ice) that also influence 
the roadway surface conditions.  
 
In the United Stated, according to USDOT reports, single vehicle fatal crashes and inclement 
weather induced fatal crashes were responsible for around 22% and 12% of the fatal crashes 
involving large trucks in recent years, respectively. Large truck accidents threaten people’s lives 
directly. In 2013, there were 3541 fatal crashes and 69,000 injury crashes involving large trucks; 
in these crashes, 3964 persons were killed and 95,000 persons were injured (USDOT 2015). 
Non-collision single vehicle accidents, such as running off the road, losing control of the vehicle, 
and rolling of the vehicle, have been reported for some time worldwide. Unlike traffic collisions 
which may cause millions of deaths every year, non-collision single vehicle accidents still have 
high potential to hurt or kill the driver, riders, and even pedestrians or bicyclists. On the other 
hand, large truck accidents also cause severe congestion and affect the normal operation of the 
roadway as well as under emergency situations, which may lead to serious property damage and 
economic loss. Non-collision accidents also put many people in miserable situations when an 
emergency evacuation is interrupted by accidents on key routes. As a result, the safety of many 
people who are stuck in the evacuation routes may be jeopardized.  
 
For coastal states such as Florida, Louisiana, Mississippi, and Alabama that experience tropical 
storms frequently, a healthy transportation system exerts a significant positive effect on storm 
landfall days. The huge number of residents under evacuation order also requires smooth 




that during hurricane Katrina in 2005, over 1.2 million people along the northern Gulf coast from 
southeastern Louisiana to Alabama were under some type of evacuation order (Knabb et al.  
2005). Thus, the transportation systems, including bridges and highways, have to be kept free for 
the material supply of tropical storm areas and evacuations of suffering peoples. Reducing the 
occurrence of vehicle accidents under the storm weather (e.g. strong wind and heavy rain) has 
become apparent.   
 
1.1. Vehicle aerodynamic characteristics 
A group of researchers efforts to study the performance of vehicle and bridge under strong 
crosswinds (Xu and Guo 2003, Cai and Chen 2004, Li et al. 2004, Chen and Cai 2004, Han 2006, 
Chen and Chen 2010). Xu and Guo (2003) conducted the dynamic analysis of the coupled road 
vehicle and cable-stayed bridge system under turbulent wind. Cai and Chen (2004) presented a 
framework of the coupled three-dimensional vehicle-bridge system under strong wind. Chen and 
Chen (2010) assessed the vehicle safety behavior under hazardous driving conditions, such as 
wind-gust, snow-covered road surface, and curving. However, in these studies, the wind forces 
of the vehicle and the bridge were separately obtained from independent quasi-steady models, 
which means there is no consideration of the aerodynamic interaction between the bridge and the 
road vehicle.  
 
The aerodynamic characteristics of vehicles depend on their profile and the motion state 
(Humphreys and Baker 1992, Uystepruyst and Krajnovic 2013), as well as the highway 
infrastructures (Suzuki et al. 2003). Baker (1991a, 1991b) experimentally investigated the 
aerodynamic performance of ground vehicles in high crosswinds, including steady aerodynamic 
forces and unsteady aerodynamic forces. In his studies, in forms of the vehicle forces and 
moments, the conclusion was made that the aerodynamic forces of the ground vehicle were 
sensitive to the modeling details, particularly, in variations of the flow turbulence, the vehicle 
model scales, and the vehicle moving states. Suzuki et al. (2003) conducted wind tunnel 
experiments to measure aerodynamic forces on trains/vehicles suffering strong crosswinds. 
These vehicle models were laid on bridges and embankments in the wind tunnel tests, 
respectively. Their conclusions indicated that the side force coefficient of the vehicle was 




significant effects of the highway infrastructures on the vehicle aerodynamic forces. Zhu et al. 
(2012) carried out wind tunnel tests for the purpose of obtaining the six aerodynamic 
forces/moments of road vehicles on a bridge deck accurately, in which four types of vehicles and 
a typical bridge deck with a flat closed box girder were modeled. The effect of vehicle position 
on the bridge lanes was studied as well as the effect of the existence of the bridge deck in 
reference to the cases when vehicles move on highway ground. The motion effect of a vehicle 
was considered by changing the effective resultant wind speed and wind yaw angle, which is 
common and convenient in wind tunnel tests to investigate the moving vehicle effects. Their 
results showed that the aerodynamic coefficients of various types of vehicles, particularly the 
side force and rolling moment, were influenced by the existence of the bridge deck and vehicle 
location on the deck. Han et al. (2013) focused on the aerodynamic interaction between the road 
vehicle and the bridge in the simulation of a minivan under crosswinds through both 
experimental and numerical methods. The influences of wind turbulence, wind speed, and the 
vehicle interference on the aerodynamic coefficients of vehicles were investigated. The measured 
results are consistent with the numerical ones and concluded that the influence of the wind 
turbulence and the vehicle interference on the aerodynamic coefficients of the vehicle were 
apparent. However, the vehicle was placed statically during the experimental procedures and no 
vehicle motion effects were considered in above reviewed publications (Baker 1991a, 1991b, 
Suzuki et al. 2003, Han et al. 2013) 
 
In addition, research on the aerodynamic characteristics of vehicles in the running state has been 
conducted as well as in the static state. Baker (1986) investigated the aerodynamic forces and 
moments of a train through the moving model experiments. His study was aimed to correctly 
model the effects of atmospheric and train/ground relative motions in wind tunnel experiments, 
rather than conventional static wind tunnel experiments with low wind turbulence. Humphreys 
and Baker (1992) measured the aerodynamic forces of vehicles running on ground under the 
crosswinds from moving model tests based on the success of adopting the moving vehicle rig. 
Conclusions were obtained that the moving effects of the vehicle is substantial on the wind 
forces of the road vehicles. Li et al. (2004) developed the crossed slot system devices in wind 
tunnel tests to measure the aerodynamic characteristics of the vehicle-bridge coupled system. 




number and the aerodynamic interaction between the vehicle and the bridge were investigated. 
The impacts of the strong aerodynamic interaction on the aerodynamic forces of the vehicle-
bridge system were found significant. The complex crossed slot system proved to be a viable 
device for detecting mean aerodynamic values. Therefore, the effects of the relative motion and 
the aerodynamic interaction between the vehicle and the support structure should be taken into 
account to more accurately predict the aerodynamic characteristics of vehicles running through 
strong crosswinds.  
 
1.2. Driver’s reacting model  
Vehicle accidents due to strong wind sometimes may be avoided by a driver’s proper reaction, 
therefore, the effect of a driver’s behavior on the vehicle accidents was considered in the 
accidents analysis as well. Based on an assumption that steering angle of the vehicle was related 
to the driver reaction time  and lateral displacement𝑌 , Baker (1994) introduced two driver 
dependent parameters, 𝜆1 and𝜆2, to consider the steering angle handled by the driver. 
 
Chen and Cai (2004) considered a driver’s reaction as the way that a driver would steer the 
vehicle being blown by wind laterally and rotationally across the road. It is supposed that a 
driver would set the steering angle in according to the lateral and yaw displacements, velocities 
and acceleration in order to keep the vehicle in position. The yawing response can be taken into 
account as well as the lateral displacement through adopting the lateral response of the front 
wheel other than that of the vehicle body.  
 
A second-order predictable correction model proposed by Yoshimoto (1968) was widely used in 
numerical simulations of the response of a moving vehicle subjected to strong wind (Maruyama 
and Yamazaki 2006). In this model, the steering force produced by within the time interval is 
proportional to the predicted course deviation with the proportionality factor. The steering action 
of the driver affects the steering angle of the front tires through the rotational equation of motion 
of a steering system. 
 
A lateral steering controller was developed by Sharp et al. (2000) in consideration of three basic 




head. Thus, the driver reacted and corrected the vehicle trajectory based on the vehicle real status 
and optical lever. The steering angle is calculated as the sum of three elements. 
 
1.3. Accident assessment based on wind-vehicle-bridge coupled system 
In the frame work of a wind-vehicle-bridge coupled system, both bridge and vehicle were 
modeled as a dynamic system composed with mass, spring, and damper. The vehicle running 
through the crosswind and subjected to strong side forces allowed the aerodynamic interaction 
effects on the vehicle and bridge coupled system. Thus, the coupled wind-vehicle-bridge system 
could be numerically built by adding wind forces on the vehicle and on the bridge separately 
based on the vehicle-bridge system. With the above assumption, Xu and Guo (2003) identified 
the vehicle-bridge system response under turbulent wind environment by building the equations 
of motion of a coupled system of road vehicles and a cable-stayed bridge. A real long-span 
bridge case study demonstrated the efficiency of the coupled system. 
 
Cai and Chen (2004a) derived the equations of motion of the vehicle-bridge coupled system 
under strong wind by using the virtual work principle and developed a coupled wind-vehicle-
bridge (WVB) analytical framework. Such a framework can be used to predict the dynamic 
performance of the coupled WVB system and analyze various vehicle cases, such as multiple 
vehicles and multiple-axle vehicles by simply adjusting the number of mass blocks, springs, and 
dampers. The assumptions of this model include full point-contact and no lateral relative 
movement between the vehicle wheel and the bridge deck. Driving speeds were found to have 
more influence on the vertical response of vehicles than the rolling response of the vehicle. 
When the wind speed is high, the vehicle response is dominated by the contribution of the bridge 
vibration. When the wind speed is low, the vehicles response is dominated by the excitation from 
road roughness. Han et al. (2014a) studied the effects of the aerodynamic parameters on the 
dynamic responses of the road vehicles and bridge under crosswinds. The static forces on the 
vehicle of the coupled system model were based on the results from wind tunnel tests that 
focused on the aerodynamic interference between the bridge and vehicles. 
 
Based on these wind-vehicle-bridge coupled systems mentioned above, critical wind speed and 




obviously, which requires more studies on the vehicle safety assessment. The vehicle accidents 
model was proposed based upon the WVB coupled system, the accident criteria, and the effect of 
driving behavior. The combination of the local accident model and vehicle-bridge-wind system 
models enables the prediction of the bridge responses in all directions and the vehicle responses 
of the vertical, rolling, pitching, lateral, and yaw directions. Finally, the stability condition and 
the accident risk of the vehicle were identified with a given accident criteria. 
 
Based on their previous work, Chen and Chen (2010) developed an integrated vehicle safety 
behavior simulation model, which adopts realistic dynamic equations and accident criteria to 
characterize the transient process of accidents. This new model introduced two critical variables, 
the critical sustained time (CST) and critical driving speed (CDS) of accident, to assess the 
accident risks under more comprehensive characterizations of adverse driving conditions. More 
realistic accident criteria would be checked at each time step to identify if the accident criteria 
were exceeded, specifically the possibility that the wheel would be lifted up or would start to 
sideslip. Due to the variation of wind profile influenced by specific terrains and surroundings, the 
actual wind environment varies from one site to another. Thus, critical wind speeds for vehicle 
running through crosswinds is often required for an accurate safety assessment of high-sided 
vehicles with unique shapes. 
 
1.4. Overview of the dissertation  
This dissertation consists of 6 chapters. Except for Chapter 1 (the introduction) and Chapter 6 
(the conclusion), the other four chapters are based on papers that have been published, are under 
review, or are to be submitted to peer-reviewed journals. Each chapter is relatively independent 
due to the intention of publications. For this reason, some essential information may be repeated 
in some chapters for the completeness of each chapter. All chapters document the research 
results of the Ph.D. candidate under the direction of the candidate’s advisor. 
 
The present dissertation aims to demonstrate the feasibility of investigating the safety of vehicles 
during normal operations as well as emergencies through experimentally and numerically 
replicating the natural environments. An attempt was made to simulate the airflow filed around 




through crosswinds. Based on the wind loads of the vehicle, driving simulator experiments were 
conducted to test both the vehicle performance and driver’s reaction in complicated weather, 
such as strong winds and rain. This work may help understand and develop a single vehicle 
accident assessment framework in which accident risks will be evaluated for vehicles.  
 
Chapter 2 reviews the coupled wind-vehicle-bridge system and the application of this system. In 
this review chapter, contributions from researchers in the past two decades were summarized and 
a comprehensive review of bridge and vehicle coupled system was provided in detail. This 
chapter laid a foundation to understand the state-of-the-art of the related research and the 
motivation of the present study. In comparison, Chapter 1 contains only brief reviews on the 
bridge and vehicle aerodynamics, the driver behavior models, the windy-vehicle-bridge coupled 
system and the application of the system.  
 
To investigate the performance of road vehicles under crosswinds, determination of wind forces 
on the vehicle is necessary, and the accuracy of the crosswind loads on the running vehicle is of 
importance in road vehicle safety assessment. Chapter 3 demonstrates the crosswind effects on 
running vehicles in terms of aerodynamic coefficients and presents the application of 
computational fluid dynamics (CFD) in the simulation of vehicle aerodynamic characteristics. 
The dynamic mesh technology is adopted in the simulation of vehicle aerodynamics, which 
realizes the relative motion between the vehicle and the road surface. As such, aerodynamic 
coefficients of a high-side lorry running in the crosswind using both traditional resultant-wind 
velocity method and relative-motion approach are compared, which is followed by a study of the 
effect of the highway infrastructure on vehicles. In addition, the aerodynamic coefficients of 
multiple types of vehicles are investigated. The curves of aerodynamic coefficients for different 
vehicle types against wind yaw angles are obtained. This chapter provides necessary loading 
information for vehicle safety analysis in Chapter 5. 
 
Chapter 4 focuses on the vehicle performance and driver behavior when the vehicle runs through 
crosswinds based on a statistical study. An experiment is conducted with utilization of the LSU 
driving simulator and single driver tests and group driver tests are designed to investigate the 




performance. In the single driver test, the repeatability of driver performance in different days 
when driving through crosswinds is investigated. In the group driver test, 24 participants take a 
part in the driving test under both only windy and windy-rainy conditions. MANOVA and A 
series of repeated ANOAVA are used to study the wind speed effect on the vehicle and driver 
performance and rainfall effect on the drivers’ behavior. Finally, regression models are 
developed for the driver steering wheel angle under three wind speed conditions, which is used 
for vehicle safety analysis in Chapter 5. 
 
In Chapter 5, the wind-vehicle-bridge system in consideration of driver’s behavior is developed 
to assess the vehicle safety, using information established in Chapters 3 and 4. Furthermore, 
three driver models are adopted in the system and vehicle accident criteria is applied to the 
vehicle response to identify the accidents. Comparison between the influences of different driver 
models on the vehicle performance is made under conditions of crosswinds. 
 
In the end, conclusions of this dissertation are summarized in Chapter 6 and possible future 
research is also recommended. 
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Strong wind, as one of the most common natural hazards, may threaten the safety of 
transportation infrastructures and passing vehicles. News about severe storms blowing over 
semi-trucks on highway and leading to fatalities has appeared on newspapers from time to time 
(Alleyne 2012, Jaocbs 2008). These accidents caused by wind usually result in traffic blockage 
and driver injury, posing negative effects on transportation safety and human health. Specifically, 
wind effects on the vehicles traveling on bridges, instead of roadways, in wind-haunted areas 
need extra attention. For example, as shown in Figure 2.1, the severe storm at wind speed over 
65 miles per hour blew over a semi-truck on the Mackinac Bridge on July 18, 2013 (Torregrossa 
2013). Oregon State Police reported that a semi-trailer was lifted into the air by huge gust of 
wind while it was traveling through the Waldport Bridge, causing blockage of three out of four 
lanes, as shown in Figure 2.2 (Admin 2011). 
 
 
Figure 2.1. A semi-truck blown over on the Mackinac Bridge (Torregrossa 2013) 
 
                                                 
This chapter was previously published as Cai, C.S., Hu, J.X., Chen, S., Han, Y., Zhang, W., 
Kong, X. (2015). “A coupled wind-vehicle-bridge system and its applications: a review”, Wind 





Figure 2.2. Wind-induced accidents on Waldport Bridge (Admin 2011) 
 
Along with the advances in construction materials and technologies, the spans of suspension and 
cable-stayed bridges have been greatly extended to new limits (Holmes 2001), and a high 
number of those long-span bridges are in wind-prone areas. These critical bridges often cross 
over straits and canyons and support important regional traffic (Kitada 2006, Zhang et al. 2011). 
The complex interaction between vehicles, bridges, and wind plays a significant role in the safety 
of traffic on these long-span bridges. Such interaction effects are important to the safety of not 
only bridge structures themselves, but also the passing vehicles. On one hand, with a large 
volume of passing traffic, the bridge girders and decks are subjected to cyclic loadings due to the 
coupled vibration excited by both the turbulent wind and moving vehicles. As a result, the 
fatigue life of the bridge may be reduced and possible damage could occur on some local 
members or connections. On the other hand, the dynamic coupling effects also influence the 
vehicle vibration, the driving controllability, and even accident risks. In addition to the safety 
concern, the comfortability for the drivers of vehicles passing on long-span bridges subjected to 
strong wind is another issue (Xu and Guo 2004).  
 
Compared to normal windy conditions, hazardous windstorms, such as hurricane and tornado, 
cause much more property damage and life loss. For example, hurricane Katrina took 1,836 lives 
and resulted in a total loss about $108 billion, which makes Katrina the most destructive and 
costly natural disaster in the history of the United States (Knabb et al. 2005). Since windy 




happening on the highways will greatly delay or even obstruct the important transportation line 
before or upon the landfall of hurricanes (Chen and Cai 2004a). Therefore, the associated safety 
assessment of the transportation system during hurricane evacuations becomes critical in terms 
of minimizing accident risks and possible delay.  
 
Currently, decisions on driving speed limits and closing of the traffic on bridges and highways in 
windy environments are mostly made based on intuition or subjective experience. While driving 
speed limits could be too high to be safe or too low to be efficient, closing the traffic will totally 
obstruct the evacuation through such a transportation line. A rational prediction of the 
performance of vehicle–bridge system under strong wind is of utmost importance to maximize 
the evacuation efficiency and to ensure the safety of the transportation system, including both 
vehicles and bridges. For these reasons, active research has been carried out in the last decade 
worldwide regarding the vehicle–bridge–wind coupled analysis. This paper aims to provide a 
comprehensive review of the state-of-the-art regarding the previous research on the overall 
performance of the bridge and traffic system under strong wind, including bridge structures and 
vehicles, and the associated mitigation efforts.  
 
2.2. Bridge and vehicle aerodynamics  
During the last two centuries, major structural failures due to the wind action have occurred, for 
instance, the collapse of the Tacoma Narrows Bridge in 1940, which have provoked much 
interest on investigating the wind effect on bridges (Davenport et al. 1971, Simiu and Scanlan 
1996, Bucher and Lin 1988, 1989, Larose 1999). The wavelike motion of Volgograd Bridge 
(BBC News 2010) due to the local wind at some particular wind speeds further highlights the 
importance of wind effects on bridges even without causing bridge failures.  
 
2.2.1. Bridge aerodynamics 
Wind loads on bridges are dynamic in nature, which have to be considered when designing 
bridges in wind-prone area, especially for long-span bridges. When the crosswind blows on 
bridges, the blockage of the decks influences the flow path, yielding an uneven pressure 
distribution around the bridge deck surface. The combined effects of non-uniform pressure 




further cause complicated dynamic vibrations of the bridge. Wind loads acting on a bridge 
typically consist of the mean wind load component and the fluctuating wind load component 
(Mohammadi and Mukherjee 2013). Under both mean and turbulent wind loads, a typical long-
span bridge may experience considerable dynamic vibrations, which is often predicted by 
conducting the aerodynamic analysis in the time or frequency domain (Chen and Kareem 2002, 
2003). The wind-induced vibrations of long-span bridges and also cable components occur in the 
vertical, lateral, and torsional directions. Depending on specific wind and bridge properties (e.g. 
cross-sections, spans, and materials), several wind-induced phenomena may occur, such as the 
torsional divergence (or lateral buckling), vortex-induced oscillation, flutter, galloping, and 
buffeting in the presence of self-excited forces (Simiu and Scanlan 1996). Usually, the 
divergence, galloping, and flutter are classified as aerodynamic instability problems, while the 
vortex shedding and buffeting are classified as wind-induced dynamic vibration problems (Chen 
et al. 2004).  
 
Buffeting is a type of random vibration caused by the wind turbulence in a wide range of wind 
speeds (Scanlan 1988), which leads to the bridge fatigue accumulation and also possibly 
discomforting issues for bridge users. When the wind speed is low, each torsional or vertical 
mode of the bridge mainly vibrates at a frequency around its natural frequency; however, the 
buffeting vibration is essentially a type of multi-frequency vibration in nature (Chen and Cai 
2003). Buffeting is a continuous dynamic phenomenon on a long-span bridge as long as wind 
exists and it typically becomes stronger as the wind speed increases. When the wind speed keeps 
increasing and approaches the flutter wind velocity, the buffeting response of the bridge will be 
significantly amplified and the flutter instability is about to occur. Flutter is a type of diverging 
vibration of bridge, and is known as the instability phenomenon that would result in fatal damage 
to structures. Flutter instability is often the outcome of the evolution process during which the 
multimode buffeting vibration gradually transforms into a single-frequency flutter vibration. 
While many flutter studies traced the critical flutter velocity (Jeong and Kwon 2003), very few 
studies were carried out focusing on the time-dependent process of buffeting and flutter 
occurrence with the increase of wind speeds (Namini 1992, Ge and Tanaka 2000). Chen and Cai 
(2003) investigated the mechanism of transition from the multi-frequency buffeting to the single-




keeps increasing. Coupled multimode analyses of buffeting and flutter are usually adopted to 
predict the wind-induced vibration of the bridge. A common approach to predict the multimode 
response is to solve the simultaneous equations with selected modes. A study by Chen et al. 
(2004) introduced a concept of Modal Coupling Factor (MCF), which can provide quantitative 
assessment of the coupling effects in the process of selecting modes.  
 
The existing studies on bridge aerodynamics can be typically classified into the following three 
categories: wind tunnel tests, analytical approaches, and Computational Fluid Dynamics (CFD) 
methods:  
 
Wind tunnel tests play an essential role in revealing the nature of the aerodynamic phenomena of 
structures under strong wind. Based upon the free vibration method, in the early 1970’s, Scanlan 
and Tomko (1971) presented a method to obtain aerodynamic derivatives in wind tunnels 
according to the Theodoresen’s theory, which leads to the rapid growth of the application of 
wind tunnel tests in the bridge aerodynamic analysis. The primary purpose of wind tunnel test is 
to provide researchers the information of the flow field and wind loads around a complex 
structure (e.g. wind coefficients), which is essential to the rational prediction of the structural 
response. Wind tunnels used for the civil engineering applications are typically referred to the 
boundary-layer wind tunnels that can generate the vertical distribution of velocity at the test 
section similar to the profile of the wind encountered by prototypes. In general, the wind velocity 
distribution along the height follows the logarithmic or power law, which is yielded in wind 
tunnel with the use of roughness elements and spires upstream of the structures. On the other 
hand, the similitude theory requires that the wind tunnel tests must be conducted with models 
bearing the geometric, kinematic, and dynamic similarities. In other words, in wind tunnel 
experiments, the shape of the model and topographical features, velocity field, flow pattern, 
pressure distribution, and forces generated on the structures must be as close to the ones in real 
structure and its surroundings as possible (Liu 1991). According to the size of the test section in 
wind tunnel and the objective of the wind tunnel test, different model tests can be designed. 
Generally, three types of vibration models are frequently used in wind tunnel tests, namely, the 
full aeroelastic models, section models, and taut-strip models. The full aeroelastic models require 




the detailed model with all the scaled properties usually takes a long time and a high cost. The 
section models are the most frequently used model in wind tunnel tests and a representative 
segment of bridge deck is typically replicated following some scaling rules (Jurado et al. 2012; 
Chen et al. 2010b). The taut-strip model is regarded as an in-between model between the full 
aeroelastic model and the section model (Ma and Chen 2007) and used for studying the buffeting 
response of structures under natural wind (Davenport et al. 1992) or extracting the aerodynamic 
characteristics of bridge deck (Jiang 2000, Li et al. 2003). As a rigid model with springs and 
damping devices, the manufacture process of taut-strip models is more complicated than that of 
the section model, but much easier than that of the full aeroelastic model (Ma and Chen 2007).  
 
Analytical approaches are often used to study the bridge aerodynamics through building an 
analytical model and investigating the concerned parameters and responses of the structure based 
upon the knowledge of structural dynamics and fluid mechanics (Ge and Tanaka 2000; Scanlan 
and Jones 1990). It typically involves the development of advanced finite element models of the 
bridge, characterization of wind fields and loads based on experimental measurements on 
sectional models, and the development of aerodynamic equations of the bridge-wind system. 
Such a dynamic system can be solved in either a time or frequency domain. The advantages of 
the analytical approach include low cost, easy to replicate, and the ability to cover various 
scenarios. However, due to the existing constraints on understanding the aeroelastic phenomena, 
some coefficients essential to the analytical studies, such as the static wind forces coefficients 
and flutter derivatives, are still dependent on experimental studies. 
 
Computational fluid dynamics (CFD) is an efficient tool to investigate the aerodynamic 
characteristics of structures. With the developments of computer technology, CFD has made a 
promising progress on the application to the wind engineering (Shirai and Ueda 2003, Keerthana 
et al. 2011). Compared to traditional wind tunnel tests, CFD method requires less time and 
financial burden, and can visually reproduce the concerned processes (Rocchi and Zasso 2002). 
During the development of CFD technique, from 1950s to 1990s, the application of CFD method 
in wind engineering encountered specific difficulties associated with the flow around bluff 
bodies with sharp edges, such as buildings and bridges (Blocken 2014). The difficulty in 




the large dimension of bridges has hindered the CFD applications in wind engineering. There are 
two approaches frequently used to model the turbulence in CFD techniques: Reynolds-Averaged 
Navier-Stokes (RANS) models and large eddy simulation (LES).  
 
In a RANS model, the dependent variables of turbulent flow are expressed as time averaged 
variables to make the equation set numerically solvable. A ‘Reynolds stress’ is raised as an 
additional pseudo-stress from the turbulent motion of all scales in the procedure of averaging. 
How to determine the ‘Reynolds stress’ yields many types of approximated equations known as 
turbulence models, such as, k-ε model and k-ω model, each of which currently works well for the 
corresponding type of flow (Gosman 1999). In general, more complex models tend to give a 
better representation of the unsteady flow, for example, the full Reynolds Stress model can be 
used in the situation involving turbulent dispersion and buoyancy effects by computing each of 
the six Reynolds stress directly (Gosman and McGuirk 1993). Although the RANS models are 
applicable to most of engineering problems, they only offer limited information for the turbulent 
characteristics of the unsteady flow, requiring additional efforts to solve the problems. Moreover, 
RANS cannot well capture the behavior near the wall regions in low Reynolds number flow and 
needs to be facilitated using wall functions (Murakami et al. 1996).  
 
LES is well suited to simulate the massively separating flow around bluff bodies and can provide 
useful information of the flow structure. In LES the scales of the turbulence are divided into 
large and small groups by a spatial filter. Only the large-scale turbulent motions are solved 
directly, while the small scales are represented with subgrid scale (SGS) models. Obviously, 
direct solving the Navier-Stokes equation demands more time and computer power than solving 
the RANS models. In addition, the fine mesh requirement of LES will cause the mesh quantity as 
well as computing time to increase dramatically. However, the advantage of providing more 
accurate results and detailed information of the instantaneous flow often makes LES more 
acceptable than RANS despite the higher computational cost (Hemida and Baker 2010). 
Although CFD technique has gained much attention in wind engineering field during the past 
few decades, they still face some major challenges hindering the process towards high-quality 
simulations. These challenges include the high Reynolds number in turbulent flow due to high 




vortex shedding, and the accuracy of CFD simulation limited by the boundary condition in 
numerical simulations (Murakami 1998).  
 
2.2.2. Vehicle aerodynamics 
For vehicles driven on highways, the wind loading on the vehicle, along with the grade and 
curvature of the road, may cause safety and comforting problems (Baker 1991a, Baker 1991b, 
Baker 1991c, Baker 1994). To more accurately predict the associated accident risks in strong 
wind, appropriate data are required to quantify the aerodynamic forces and moment coefficients 
for different types of vehicles (Baker 1986a). In the automobile industry, the research on vehicle 
aerodynamic performance is mainly focused on reducing the drag force of the vehicle in order to 
conserve fuel consumption (Malviya et al. 2009, Patten et al. 2012), or on understanding the flow 
field around vehicles moving on the ground (Angelis et al. 1996, Guilmineau 2008, Corin et al. 
2008).  
 
When a vehicle is subjected to crosswind, or overtaking other vehicles, the flow field around the 
vehicle becomes asymmetric, which is very different from the drag force investigations in the 
automobile industry. In such a case, the resultant aerodynamic forces have six components that 
include the side force, yawing moment, and rolling moment in addition to drag force, lift force 
and pitching moment (Hucho 1993). As the drag force influences the velocity of the vehicle, the 
side force and yawing moment may cause vehicle instability and handling difficulties.  Baker 
and his co-workers (Coleman and Baker 1990) conducted a series of tests on the vehicle 
aerodynamic forces and moments under different yaw angles and found that the stream 
turbulence has significant effect on the lift force, which increases significantly the accident risk. 
To study the effect of atmospheric turbulence or train and ground relative motion, a catapulted 
setup experiment was carried out in an atmospheric boundary layer wind tunnel (Baker 1986b), 
and different types of vehicles (e.g. high side road vehicle, car and small vans), wind speeds and 
flow fields were studied as the influence factors on the wind load coefficients of vehicles (Baker 
1991a, Baker 1991b, Baker 1991c, Humphreys and Baker 1992). The aerodynamic force 
coefficients of vehicles were found to vary with the vehicle’s motion state, the vehicle position 
relative to others, and the terrain characteristics (Baker 1986b). To investigate the gust effect on 




load on the vehicle passing through the gust wind with various resultant yaw angles (Cairns 1994) 
and it was found that the effect of turbulence is fairly obvious at high yaw angles (Cheli et al. 
2011b). A numerical simulation of unsteady crosswind aerodynamics considering the wind-gust 
boundary layer profiles illustrated that the force coefficients showed highly transient behavior 
under gusty conditions (Favre 2011).  
 
To investigate the relationship between the wind speed, truck speed and propensity for truck 
rollover, Bettle et al. (2003) adopted the CFD method and obtained the aerodynamic forces 
acting on a truck travelling through a bridge under crosswind. The results showed that the 
vehicle with higher speed was suffering a larger aerodynamic moment tending to overturn a 
vehicle in the windward lane of the bridge. The corresponding moments were considerably less 
for the vehicle in the leeward lane. However, the traveling situation was simulated with fixed 
vehicles subjected to a resultant wind velocity of the wind velocity and vehicle speed. To 
investigate the aerodynamic forces on a moving vehicle, Krajnovic and Davidson (2005a) used 
the resultant wind velocity method in CFD and assigned the ground a moving velocity relative to 
the fixed vehicle to simulate the vehicle moving on the ground. Corin et al. (2008) simulated the 
transient aerodynamic forces on overtaking road vehicle models by using two-dimensional (2D) 
CFD method. In the study, moving mesh was used to produce the relative motion (overtaking) 
between two road vehicles. Later, more situations were considered, such as the different 
supporting infrastructure scenarios, the position of vehicles mounted on the bridge, and the 
vehicle geometry (Cheli et al. 2011a). Osth and Krajnovic (2012) investigated the flow field 
around the vehicle body and demonstrated the influence of leading edge shape and gap width 
between the cab and trailer on the drag force of a simplified tractor-trailer model through the 
CFD method. As a cross check with the experimental measurements, Han et al. (2013) predicted 
aerodynamic force coefficients of vehicles on bridges using a commercial CFD solver ANSYS 
CFX 12 on a three-dimensional computational model of the vehicle on the section of the bridge 
shown in Figure 2.3. The Shear Stress Transport (SST k-ω) turbulence model is applied to 
represent the turbulence of the flow. The turbulence model is designed to deal with the adverse 
pressure gradients and separated flows and the results show good performance. A reasonable 
agreement was observed between the experimental and numerical results. By using the similar 




moving vehicle-bridge system and evaluated the moving effects on the aerodynamic 


















Figure 2.3. Computational domain used in the CFD simulations (Han et al. 2013) 
 
In comparison with the applications of the RAN models as discussed above, Krajnovic and 
Davidson (2002, 2003, 2005b, and 2005c) have conducted a series of investigations of flow 
around bluff bodies such as trains, buses and ground vehicles by using Large-Eddy Simulation 
(LES) model to simulate the flow turbulence, in which the LES results showed good agreement 
with the experimental data. In addition to the vehicles on highways, aerodynamic behavior of 
trains to crosswind was also investigated by means of CFD methods and wind tunnel tests (Cheli 
et al. 2010). Through using LES, Krajnovic et al. (2011, 2012) investigated the flow around a 
simplified train moving through a crosswind flow. Guilmineau et al. (2013) studied the 
crosswind effects on a simplified car model by a Detached Eddy Simulation (DES) approach. 
However, in these studies, DES and LES are used in predicting the aerodynamic forces of the 
vehicle on the ground rather than the vehicle on bridges. Osth and Krajnovic (2014) studied the 





2.3. Driver model 
2.3.1. Driver’s response model  
Vehicle accidents due to strong wind sometimes may be avoided by driver’s proper handling, 
therefore, the effect of driver’s behavior on the vehicle accidents was considered in the accidents 
analysis as well. Based on an assumption that steering angle of the vehicle was related to the 
driver reaction time  and lateral displacement𝑌, Baker (1994) introduced two driver dependent 
parameters, 𝜆1  and𝜆2 , to consider the steering angle handled by the driver and the driver 
behavior model became:  
𝜹 = 𝝀𝟏(𝒕 − 𝜺)𝒀 + 𝝀𝟐(𝒕 − 𝜺)𝒅𝒀/𝒅𝒕                                      (2.1) 
Chen and Cai (2004) considered driver’s reaction as the way that a driver would steer the vehicle 
being blown laterally and rotationally across the road. It is supposed that a driver would set the 
steering angle in according to the latera and yaw displacements, velocities and acceleration in 
order to keep the vehicle in position. The yawing response can be taken into account as well as 
the lateral displacement through adopting the lateral response of the front wheel other than that 




− 𝜆1(𝑌 + 𝜓𝐿1) − 𝜆2(?̇? − ?̇?𝐿1)                                     (2.2) 
where R is the radius of turn; 𝜆1 and𝜆2 are related to the driver behavior and are assumed to be 
constants for a driver. 
 
A second-order predictable correction model proposed by Yoshimoto (1968) was widely used in 
numerical simulation of the response of a moving vehicle subjected strong wind (Maruyama and 
Yamazaki 2006). In this model, the steering force produced by the within time interval is 
proportional to the predicted course deviation with the proportionality factor. The steering action 
of the driver affects the steering angle of the front tires through the rotational motion equation of 
a steering system as follows: 
𝐼𝑛?̈? + 𝑛𝐶?̇? + 𝐾𝑆𝑇(𝑛𝐴 − 𝛿𝑡) =
𝐹𝑑𝑟
𝑛
                                     (2.3) 
where 𝐼, 𝐶, 𝐾𝑆𝑇 are the mass moment inertia, damping coefficient, and elastic coefficient of a 




steering wheel; 𝐴  is the steering angle; 𝛿𝑡 is the angel difference between the longitudinal 
direction and the direction of the front tires; 𝐾𝑆𝑇is the elastic constant of the steering. 
𝛿 = 𝜆1(𝑡 − )𝑌 + 𝜆2(𝑡 − )𝑑𝑌/𝑑𝑡                                     (2.4) 
 
2.3.2. Driver’s behavior model from simulator test 
A failure-sensitive driver model has been proposed based on a driving simulator experiment, in 
which human response to three single wheel hub motor failure were measured. The developed 
driver model is able to maintain vehicle control and regain the planned path. 
 
2.4. Effect of inclement weather on vehicle performance 
Inclement weather can influence the freeway capacity as well as the operating speed. Ibrahim 
and Hall (1994) studied the effects of rain and snow on freeway operations in Canada and tested 
the inclement weather on the relationship between speed and occupancy. While light rains were 
reported to cause a vehicle speed drop of 2 km/h and heavy rains reduced about 10 km/m of 
vehicle speed, light snow and heavy snow induced 2 km/h and 38 to 50 km/h vehicle speed 
falling, respectively. May (1998) suggested free-flow speeds for different weather conditions that 
were included in the 2000 version of the Highway Capacity Manual. In clear and dry weather, 
the recommended value of the free-flow speed was 120 km/h; in light rain and light snow 
condition, the value should be 110km/h; in heavy rain and heavy snow weather, the speed 
becomes 100 km/h and 70 km/h, respectively. Oh et al. (2002) studied the speed-flow and the 
flow-occupancy relationship based field data from two bridges and pointed out that the ratios of 
free flow speed reduction were observed 7% and 2% by snowy and rainy day time, respectively. 
Meanwhile, the ratios of speed reduction were 5% and 6% in snowy and rainy night, respectively.  
 
Kyte et al. (2001) reported the effects of visibility, road surface, precipitation, and wind speed on 
free-flow speed based on the field sensor data in two winter periods. The mean speed of 
passenger cars was 117 km/h, and the mean truck speed was 98.8 km/h in a normal condition 
that was without rain, dry road surface, and visibility greater than 0.37 km, and wind speed less 
than 16 km/h. For the mean speed of all vehicles, it was 109 km/h in a normal condition while a 
speed drop occurred in rainy weather. The vehicle speed dropped about 14-19.5 km/h and 31.6 




There is a summary of freeway traffic flow reductions due to weather on FHWA’s road weather 
management program website (FHWA 2013). As shown in Table 2.1, on a freeway, the impact 
of rainy weather showed that light rain reduces speed by approximately 10%; heavy rain 
decreases speed by approximately 16%. 
 
Table 2.1. Freeway traffic flow reductions due to weather 
Weather  
conditions 
Freeway traffic flow reductions 
Average speed Free-flow speed Volume Capacity 
Light rain/snow 3%-13% 2%-13% 5%-10% 4%-11% 
Heavy rain 3%-16% 6%-17% 14% 10%-30% 
Heavy snow 5%-40% 5%-64% 30%-44% 12%-27% 
Low visibility 10%-12%   12% 
 
Besides the speed reduction of weather impacts on transportation, accidents induced by 
inclement weather also are stunning, especially in a rainy day. Researchers agreed with the 
factors of skidding accidents, and the factors were dedicated into three categories: drivers’ 
behavior, roadway conditions and environment, and vehicle and its characteristics (Corsello 
1993). The way to quantify how easily the vehicle will slip is with the coefficient of friction. The 
friction force is defined as the tangential resisting force at the tire-pavement interface when 
braking forces are applied to the tire and the sliding occurs.  
 
The friction force at tire-pavement interface is influenced by many factors, including vehicle 
features, tire factors, and road surface conditions (Henry, 2000; Hall, et al, 2006).  Thus, the 
friction performance is usually determined by experimental tests. The Washington State 
Department of Transportation (WSDOT) determined wet-pavement friction characteristics by 
conducting skid-tests in accordance with applicable AASHTO and ASTM standards. The results 
of the skid-tests are used in conjunction with other criteria to assist in selecting pavements for 
resurfacing. Besides the experimental method, the numerical simulation method was widely 
applied. Ray (1997) estimated the tire force and identified road friction by both simulation and 
experimental methods. The sliding friction coefficient is computed using follow equation: (Wang 




𝜇 = 𝐹ℎ/𝐹𝑣                                                                         (2.5) 
where 𝜇 is the sliding friction coefficient; 𝐹ℎ is the tangential friction force at the tire-pavement 
surface; and 𝐹𝑣 is the vertical load on tire. A well-known “Magic Formula” proposed by Pacejka 
(2006) can be used for investigating the relationship between the friction force and slip ratio. The 
formula is shown as Equation (2.6) and is validated by experimental data obtained under various 
testing conditions. 
𝐹(𝑠) = 𝑐1sin (𝑐2arctan (𝑐3𝑠 − 𝑐4(𝑐3𝑠 − arctan (𝑐3𝑠))))                (2.6) 
where 𝐹(𝑠) is the friction force due to cornering;𝑐1, 𝑐2, 𝑐3, and 𝑐4 are model parameters; and s is 
the slip. 
 
As an external environment factor, rainy weather results in various abnormal conditions when 
driving on wet road pavement, and rainfall may affect the friction available from the pavement 
surface. In other words, the rainfall generates a lubricant layer of water under all parts of the tires, 
which may cause the vehicle hydroplane on the water surface if the water at the tire-pavement 
interface is not expelled away through the tire tread timely. Due to the complex mechanics of 
frictions, wet road surface provides low and variable friction values. For example, a “slick” 
racing tire with no tread may get a friction coefficient as high as 0.9 on a dry road while the 
friction coefficient would be down to 0.1 on a wet road as a very dangerous condition. Table 2.2 
shows the different static friction coefficients of pneumatic tires on a wet surface. (Robert Bosh 
GmbH 1996). 


















50 New 0.85 0.65 0.55 0.5 
0.1 and less 
50 Worn 1.00 0.50 0.40 0.25 
90 New 0.80 0.60 0.30 0.05 / 
90 Worn 0.95 0.20 0.10 0.05 / 
130 New 0.75 0.55 0.20 0.00 / 




2.4.1. Wind-vehicle-bridge (WVB) coupled system 
Typical buffeting analyses of slender long-span bridges in the analytical modeling and wind 
tunnel investigations usually do not consider the existence of vehicles (Jain et al. 1996; Simiu 
and Scanlan 1996). This was typically believed justifiable based on the assumption that bridges 
will be closed to traffic at relatively high wind speeds or the excitations from vehicles are 
negligible. In fact, long-span bridges are rarely closed even when wind speeds exceed the 
criterion commonly quoted to close a long-span bridge, for example, 55 mph in the AASHTO 
code (AASHTO 2012). It is known that bridge buffeting studies cover a wide range of wind 
speeds, and ignoring the combined effect of wind and traffic cannot reflect the fact that the 
traffic loadings usually do exist on the bridge while wind exists on the bridge simultaneously. 
 
Daily traffic is the main live load with significant impacts on the strength and serviceability of 
bridges. Bridge and vehicle interactions have been studied since the middle of 20th century 
(Blejwas et al.1979; Olsson 1985). Initially, the impact of a vehicle on a bridge was modeled as a 
moving load without considering the inertia effect. Later, a vehicle was simplified as a moving 
mass considering inertial effects, but not dynamic behavior (Sadiku and Leipholz 1987). In 
recent years, the analytical model for vehicles is essentially a dynamic system consisting of mass, 
spring and damping parts, which have significant effects on the dynamic analysis of vehicles and 
their interactions with bridges. In the dynamic system, dynamic interactions between the bridge 
and vehicles are modeled as coupling forces between the tires and the road surface. The coupling 
forces were proven to be significantly affected by the vehicle speed and road roughness 
conditions of short-span bridges (Shi et al. 2008, Deng and Cai 2010, Zhang and Cai 2012). All 
these studies were primarily focused on short-span bridges with wind effects being ignored. For 
long-span bridges that are more sensitive to wind actions, pretty strong wind usually exists at the 
height of the bridge deck, requiring more comprehensive consideration of the combined effects 
from wind and vehicles. 
 
2.4.2. Aerodynamic characteristics of vehicle and long-span bridge system 
Moving vehicles on the bridge deck more or less change the flow field around the bridge and 
then influence the dynamic performance of the bridge; on the other hand, the vibrations of 




studies, the aerodynamic interference between vehicle and bridge has attracted a lot of attention 
in studying the response of bridge and vehicle in strong wind. For road vehicles, Bettel et al. 
(2003) investigated the aerodynamic forces of North American transport truck mounted on 
bridge with different speeds, which is the first step to develop strategies for accident avoidance. 
Suzuki et al. (2003) studied the aerodynamic characteristics of a train under crosswind obtained 
from a series of wind tunnel experiments and pointed out these aerodynamic forces are 
dependent on the shape of the train as well as the supporting bridge. Li et al. (2004, 2013, 2014) 
developed an innovative separation device as shown in Figure 2.4, called the cross-slot system, 
to measure the aerodynamic characteristics of the rail vehicle-bridge system, taking the 
aerodynamic interaction between the rail vehicle and bridge into account. Dorigatti et al. (2012) 
measured the aerodynamic loads for three kinds of road vehicles on a typical bridge deck as well 
as an idealized bridge deck in wind tunnel tests in order to improve the performance of a long-
span bridge in strong wind. Zhu et al. (2012) examined the aerodynamic coefficients of road 
vehicles on a bridge deck. In their experiments, various scenarios were considered, such as 
different types of road vehicles, wind direction, and vehicle position on bridge deck. Later, 
numerical simulations were carried out to determine the aerodynamic forces on the vehicle and 
the bridge in different motion status of the vehicle (Wang et al. 2013). Meanwhile, Han et al. 
(2013) developed an experimental setup to measure the aerodynamic characteristics of road 
vehicles and the bridge for different layout scenarios of vehicles, different wind turbulence 
intensities and various wind speeds, in a wind tunnel considering the aerodynamic interference. 
Figure 2.5 shows a measured wind pressure distributions across the bridge deck with the 























Figure 2.5. Measured pressure of top pressure taps of the middle strip (Han et al. 2013) 
 
Furthermore, the wind loads on vehicles can change dramatically due to the wind blocking or 
vortex shedding of bridge towers or other passing vehicles. Charuvisis et al. (2004a, 2004b) 
discussed and clarified transient mechanism of the aerodynamic forces on a vehicle passing 
through the wake of a bridge tower in crosswind through an analytical study with experimental 
verifications. Li et al. (2013) conducted comprehensive wind tunnel experiments with moving 
train models to test the effect of bridge towers and passing vehicles on the wind loads on the 
trains and road vehicles. The results showed that the force coefficients of trains had sudden 
changes and those on the road vehicles are comparatively more obvious. In the meantime, the 
impact of vehicles on the aerodynamic derivatives of the bridge was found to be not negligible. 
Wu et al. (2012a) obtained the flutter derivatives from the wind tunnel experiments of various 
modified bridge cross-section profiles by traffic flow. Han et al. (2014b) adopted forced 
vibration tests of bridge with different traffic conditions in a wind tunnel to investigate the effect 
of traffic on aerodynamic characteristics of bridges and found that the vehicles can obviously 
affect the flutter derivatives. 
 
2.4.3.  Vehicle subsystem model 
In advanced vehicle dynamic modeling, a road vehicle is modeled as a combination of several 
rigid bodies connected by several axle mass blocks, springs, and damping devices. In typical 




springs; the dissipation capacities of the suspension as well as tires are modeled with viscous 
damping devices; the mass of the suspension system and the tires are concentrated on the axle 
mass blocks, while the mass of springs and damping devices are assumed to be zero. Different 
types of vehicles can be modeled by defining appropriate parameters, such as the number of 
mass blocks, springs and damping devices, and associated dynamic parameters. Figure 2.6 shows 
a complicated tractor-trailer model with five axles and ten wheels (Cai and Chen 2004a). In this 
model, each rigid body is specified with four degrees of freedoms (DOFs): lateral movement, 
vertical movement, pitching movement, and rolling movement. Each mass block has two DOFs: 
vertical and lateral directions. In the whole Wind-Vehicle-Bridge (WVB) analytical coupled 
model, the external excitation on the vehicle subsystem model includes wind and road surface 
roughness excitation. In most studies of WVB system, the wind loads on the vehicle 
configuration is considered as quasi-static wind loads (Xu and Guo 2003, Cai and Chen 2004a, 
Han 2006). In 2005, Li et al. (2005) proposed the theoretical formula of wind loads on vehicles 
that include not only the mean wind velocity but also vertical and along-wind fluctuating 
velocities.   
 
For the train subsystem model, the mechanism of modeling a train is similar to a road vehicle. 
Train includes bogies and wheelsets, which are equivalent to the tires of road vehicles. While the 
rigid body and bogies can have displacements in five directions, each wheelset can only have the 
lateral displacement and yawing displacement. Figure 2.7 shows a typical train vehicle model in 
the coupled WVB system (Li et al. 2005). The consideration of wind load on trains is similar to 






Figure 2.6. General dynamic model for various vehicles: (a) cross section view and (b) 
elevation view (Cai and Chen 2004a) 
 
 





2.4.4. Bridge subsystem and wind effects modeling 
The analytical model of a long-span bridge can be established through finite element modeling 
with various types of elements such as beam elements, truss elements, and shell elements. Based 
on the modal superposition technique, the response corresponding to any point along the bridge 
can be evaluated in the time domain (Xu et al. 2003, Cai and Chen 2004a). Motions of the bridge 
include three directions as, lateral, vertical and torsional, as shown in Figure 2.8 (Cai and Chen 
2004a). The wind forces on the bridge are also separated into three directions accordingly. In 
each direction, steady state, self-excited, and buffeting forces components are incorporated. In 
the time domain, the vibration frequency at any given time should be determined to quantify the 
self-excited force under a certain wind speed due to the difficulty to capture the frequency-
dependent variables, namely, the flutter derivatives (Chen and Cai 2003). The flutter derivatives 
of the bridge can be obtained from wind tunnel tests (Scanlan 1978) or CFD simulations and can 
be expressed in the time-domain through the rational function approximation approach (Chen et 
al. 2000). The self-excited force can also be calculated in terms of convolution integrals between 
the bridge deck motion and the wind (Lin and Yang 1983), which includes an impulse function 
derived based on the flutter derivatives. In order to simulate the buffeting forces on the bridge, 
appropriate stochastic wind velocity should be produced. The fast spectral representation method 
(Cao et al. 2000) and the simplified spectral representation method (Deodatis 1996) are the 
popular ways to simulate random wind fields. 
 
Figure 2.8. Coupled model of vehicle on bridge (Cai and Chen 2004a) 
 
2.4.5. Analytical framework of coupled WVB system  
It was not until 2003 that the coupling effects among bridge, wind and vehicle were considered 




and Chen 2004a; Chen and Cai 2006, Li et al. 2013). Both the bridge and vehicle are modeled 
analytically with dynamic systems composed of mass, spring, and damping matrices. By 
assuming there is no separation at the contact point between vehicle tires and bridge deck, the 
vehicle, bridge, and wind form a coupled system that takes the static, aeroelastic, and 
aerodynamic effects of wind into account. As one of the main excitations of vehicle vibrations, 
the interaction between vehicle and the road roughness on bridge deck is of importance as well. 
The road surface roughness is investigated in the highway WVB system and the rail irregularities 
are considered in the railway WVB system. Their effects on different types of vehicles or trains 
are usually described by various power spectral density (PSD) functions (Dodds and Robson 
1973, Wang and Huang 1992). The road surface roughness is usually assumed to be a zero-mean 
stationary Gaussian random process and can be expressed through the inverse Fourier 
transformation as a power spectral density function (Huang and Wang 1992). Rail irregularities 
are random and can be approximately regarded as stationary stochastic processes with 
considerations of the track vertical, alignment, and cross-level irregularities (Li et al. 2005). Xu 
et al. (2003) investigated the dynamic response of suspension bridges to strong wind and a 
running train through an appropriate combination of 3D finite-element bridge model and 27-
degrees-of-freedom train model. The dynamic response of a long-span suspension bridge was 
found to be dominant by high-speed wind loads, while the running train only affected the vertical 
motion of the bridge. The study also gave out the critical train speed under certain wind 
velocities.  
 
For roadway vehicles, Xu and Guo (2003) assembled the motion equations of the coupled road 
vehicle and cable-stayed bridge systems under turbulent wind by a fully computerized approach. 
A case study of a real long-span cable-stayed bridge indicated that the proposed framework was 
efficient in predicting the responses of the coupled system under turbulent wind. Cai and Chen 
(2004a) derived the motion equations of the vehicle-bridge coupled system under strong wind by 
the virtual work principle and developed a coupled WVB analytical framework. The coupled 
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where subscripts “b” and “v” stand for bridge and vehicle, respectively; superscripts of “s” and 
“v” in the stiffness (K) and damping (C) terms refer to the contributions of bridge structure itself 
and those due to vehicles, respectively; subscripts “bv” and “vb” refer to the vehicles–bridge 
coupled terms; “r”, “w” and “G” represent for road roughness, wind, and gravity force, 
respectively; and “cv” and “cb” are the displacement vectors of the vehicles and the bridge, 
respectively. 
 
Such a framework can be used to predict the dynamic performance of the coupled WVB system 
and analyze various vehicle cases, such as multiple vehicles and multiple-axle vehicles by simply 
adjusting the number of mass blocks, springs, and dampers. The assumptions of this model 
include full point-contact and no lateral relative movement between the vehicle wheel and the 
bridge deck. Driving speeds were found to have more influence on the vertical response of 
vehicles than rolling response of the vehicle. When the wind speed is high, the vehicle response 
is dominated by the contribution of the bridge vibration. When the wind speed is low, the 
vehicles response is dominated by the excitation from road roughness (Cai and Chen 2004a). 
Han et al. (2014a) studied the effects of aerodynamic parameters on the dynamic responses of the 
road vehicles and bridge under crosswind. The static forces on the vehicle of the coupled system 
model were based on the results from wind tunnel tests that focused on the aerodynamic 
interference between the bridge and vehicles. 
 
For railway transportation, Li et al. (2005) built an analytical model for the dynamics of WVB 
system in the time domain with wind, train, and bridge modeled as a coupled vibration system. 
Similar to vehicle and bridge model in the road WVB system, the rail vehicle was a combination 
of mass block, springs and damping devices and bridge was modeled in a FEM form. Xia et al. 
(2008) made improvement of the train WVB system based on the model proposed by Xu et al. 





2.5.  Applications 
2.5.1. Road vehicle accident and ride comfort analysis 
Every year, hazardous weather alone is associated with more than 1.5 million vehicular crashes 
in the United States, which results in 800,000 injuries and 7,000 fatalities (The National 
Academies, 2006). Of the various problems caused by wind, though with little statistical 
information, threats of strong wind on vehicle stability do have caused serious concerns (Xu and 
Guo 2004). As a result, continuous research efforts were made in determining the critical wind 
speed and vehicle speed limits to reduce wind-induced accidents. The criteria for detecting an 
accidental situation are of importance in accident prediction. Baker (1986a) classified the 
crosswind accidents into three types, rollover accident, rotating accidents, and sideslip accident. 
Based on field data analysis of wind-induced vehicle accidents, rollover accidents are found to 
be the most common one, accounting for 47% of the total. Rotating accidents make up 19% of 
the total (Baker and Reynolds 1992). For the three types of high risk vehicle accidents, rollover 
accidents happen when the restoring moment provided by the mass of the vehicle acting on its 
center of gravity is less than the rolling moment that is generated by the combination of wind 
flows and vehicle speed about the lee side tire contact point (Gawthorpe 1994). In addition, the 
possibility of road vehicles to rotate under crosswind is largely related to the shape of the vehicle 
and its weight distribution. In the sideslip accidents, the friction between the tires and bridge 
deck is smaller than the wind forces on the vehicle in the corresponding direction and the vehicle 
is blown sideways for a significant distances. Accident criteria shown in Table 2.3 were 
proposed by Baker (1986a), in which an accumulated displacement of vehicle entering an edged 
cross gust within 0.5s was considered. These criteria have been adopted in several accident risk 
quantification investigations for road vehicles in crosswind (Chen and Cai 2004a; Guo and Xu 
2006). 
Table 2.3. The criteria of three accident types (Baker 1986a) 
Accident types Criteria 
Rollover Contact force reduces to zero 
Rotating The value of yaw angle is over 0.2 rad 





Vehicle accidents due to strong wind sometimes may be avoided by driver’s proper handling 
(Martin 2012), therefore, the effect of driver’s behavior on the vehicle accidents was considered 
in the accidents analysis as well. Baker (1994) introduced two driver dependent parameters, λ1 
and λ2, to consider the steering angle handled by the driver. As an experimental method 
considering the driver behavior in accident assessments of road vehicles, the driving simulator, 
which was developed by Mitsubishi Precision Co. Ltd, can be used to monitor the drivers’ 
behavior and simulate the response of the vehicle handled by the driver under strong wind. Based 
on the comparison of the results obtained from the simulator experiments and actual automobile 
experiments, it was expected that the driving simulator experiments can well produce the 
equivalent moving conditions in the actual environment (Maruyama and Yamazaki 2006). 
 
Baker (1986a) proposed a model called BLOWOVER to predict wind speeds for different 
accident types and to provide the vehicle aerodynamic coefficients over a wide range of yaw 
angles for vehicles on roadways. The BLOWOVER can be used in both scenarios of considering 
driver reaction or not. In this model, time histories of lateral movement and rotational vibration 
of vehicles in wind fields can be obtained (Baker 1994).  
 
To study the safety of vehicles on bridges, Chen and Cai (2004a) built a framework of vehicle 
accident analysis model on long-span bridges in windy environments considering road roughness 
effect, friction effect, and the excitations from the supporting structure such as bridges. The 
vehicle accidents model was proposed based upon the WVB coupled system, the accident criteria, 
and the effect of driving behavior. In general, the vehicle vibration was obtained based on the 
analysis of the global bridge-vehicle interaction. With the global vibrations as inputs of the 
accident model, the lateral and yaw response of the vehicle and the reaction forces of each 
individual wheel were then obtained. The combination of the local accident model and vehicle-
bridge-wind system models enables the prediction of the bridge responses in all directions and 
the vehicle responses of the vertical, rolling, pitching, lateral, and yaw directions. Finally, the 
stability condition and the accident risk of the vehicle were identified with the given accident 
criteria, as shown in  Figure 2.9 where the accident driving speed versus wind speed on both the 
bridge and roadway is compared. Such kind of information will be potentially useful for 





Figure 2.9. Accident driving speed versus wind speed (Chen and Cai 2004a) 
 
Meanwhile, Guo and Xu (2006) proposed a vehicle safety assessment model to consider the road 
vehicle entered a sharp-edged crosswind gust while the bridge was oscillating under fluctuating 
wind. They built the mathematical model and carried out the dynamic interaction of coupled 
highway vehicle–bridge systems under crosswind, which include road surface roughness, vehicle 
suspension, and the sideslip of the vehicle tire relative to the bridge deck in the lateral direction. 
Moreover, the ride comfort criteria of road vehicles based on the document issued by 
International Standard Organization (ISO) were used to study the effect of bridge motion and 
crosswind on the ride comfort of road vehicles. Since then, a series of studies for the safety of 
moving vehicles have been carried out with many of them being related to the Tsingma bridge 
(Guo et al., 2007, 2010; Xu et al. 2004, 2007, Wang et al. 2014, Zhang et al. 2013) and 
protection measures have been developed (Xiang et al. 2014). 
 
Based on their previous work, Chen and Chen (2010) developed an integrated vehicle safety 
behavior simulation model, which adopts realistic dynamic equations and accident criteria to 
characterize the transient process of accidents. This new model introduced two critical variables, 
critical sustained time (CST) and critical driving speed (CDS) of accident, to assess the accident 
risks under more comprehensive characterization of adverse driving conditions. More realistic 




exceeded, specifically the possibility that the wheel would be lifted up or would start to sideslip. 
Due to the variation of wind profile influenced by specific terrain and surroundings, the actual 
wind environment varies from one site to another. However, the vehicle-specific crosswind 
velocity is often required for an accurate safety assessment of high-sided vehicles with unique 
shapes. Chen et al. (2010a) developed a mobile mapping technology aiming at collecting the site-
specific as well as vehicle-specific wind velocity data for traffic safety evaluations. 
 
2.5.2. Vibration mitigations of wind and vehicle induced vibrations 
In contrast to buffeting existing in a large range of wind speeds, flutter may occurs at a certain 
high wind speed. Long-span bridges exhibit complex dynamic behaviors under wind and vehicle 
excitations, which may lead to dangerous traveling of vehicles and fatigue problems of the 
bridge. Therefore, it is necessary to suppress the adverse vibration of the bridge subjected to the 
actions of wind and passing traffic. Some research efforts have been made in mitigating 
excessive buffeting vibrations and improving flutter stabilities for long-span bridges during 
construction (Conti et al. 1996, Takeda et al. 1998, Chen and Wu 2008) and at service 
(Pourzeynali and Datta 2002, Omenzetter et al. 2002, Miyata and Yamada 1998). As a traditional 
control device, dynamic energy absorbers perform well in suppressing the excessive dynamic 
buffeting (Gu et al. 2001) or enhancing the flutter stability of bridges (Pourzeynali and Datta 
2002, Gu et al. 1998). Dynamic energy absorbers, such as tuned mass damper (TMD) and tuned 
liquid damper (TLD), are categorized into three types, namely, passive, active, and hybrid 
control devices. Chey (2007) investigated hybrid control strategy in order to enhance the cost 
effectiveness and potential reliability of the active control. In the hybrid control strategy, the 
dynamic energy absorbers dissipate the external energy through providing supplemental damping 
to the modes of concern. In a conventional TMD control design, the TMD control strategy is to 
suppress the resonant vibration. However, with the increase of wind speeds, the modal damping 
ratio increases, which leads to the decrease of efficiency of TMD that focus on a certain modal 
frequency. On the other hand, mode-coupling effect cannot be ignored when frequencies of 
modes become closer, due to the slender nature of long-span bridges in strong wind. 
 
Most studies of structural control of long-span bridges usually consider either only the wind 




(2003) applied the passive TMD to suppress the train-induced vibration on bridges; however, it 
did not take wind effects into account. Chen and Cai (2004b) introduced an alternative TMD 
design approach that was based on suppression of modal coupling effects among modes under 
strong wind and designed a coupled vibration control with TMD without considering vehicle 
effects. More and more studies on the interaction between vehicles, the bridge, and wind field 
have found that the dynamic response of bridges under the combined effects of strong wind and 
moving vehicles becomes critical daily maintenance of bridges. Cai and Chen (2004b) proposed 
a movable/temporary passive control approach based on a general formulation of the Spring–
Damper-Subsystems (SDS) system as shown in Figure 2.10. Application of the movable vehicle-
type of control facility on the Humen suspension bridge subjected to strong wind demonstrated 
its high control efficiency. Compared to TMD with a specific frequency, a new type of 
mechanical damper is proposed to overcome the multi-frequency vibration of cables, namely, 
TMD-MR damper system for cable vibration mitigation. Experimental results show that the 
TMD-MR system has good vibration reduction effects (Cai et al. 2007). 
 
 
Figure 2.10. Concept of moveable tuned mass dampers (TMD) (Cai and Chen 2004b) 
 
Similar to TMDs, tuned liquid damper (TLD) is a low cost but efficient device to mitigate the 
structure vibrations due to external excitations, such as wind loads. Fujino et al. (1992) 
developed a two-dimensional TLD model and the effectiveness of the system was discussed with 
both experimental and numerical simulations. Patten et al. (1996) designed a semi-active 
hydraulic bridge vibration absorber that can be applied on existing bridges. Kareem et al. (1999) 
introduced the general mechanism and summarized the applications of TLDs. Comprehensive 
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methods (Ibrahim, 2005). Wang et al. (2005) carried out the optimal design of viscous dampers 
for multimode vibration control of bridge cables. Chen et al. (2008) applied TLD on vehicles to 
improve the stability performance of a long-span suspension bridge considering the vehicle-
bridge-wind interaction. Wind fences were introduced to prevent the wind-induced rollover of 
vehicles caused by the interference of bridge towers on the aerodynamic forces acting on a 
moving vehicle (Rocchi et al. 2012). 
 
2.5.3. Fatigue reliability assessment of bridges under of wind and vehicles  
Fatigue, one of the main forms of structural damages, is a typical failure mode caused by 
repeated dynamic loads, for instance, wind loads and vehicle loads. With the increase of span 
lengths, bridges are becoming more flexible and more vulnerable to wind induced vibrations. 
Virlogeux (1992) and Gu et al. (1999), by neglecting the vehicle effects, conducted buffeting-
induced fatigue analysis on two cable-stayed bridges and the fatigue life was found to be much 
longer than the design life of the bridges. Based on the recorded data of the Tsing Ma Bridge, Xu 
et al. (2009) found that when the vehicle effects were not considered the monsoon wind-induced 
fatigue damage is not significant. In addition, many works have been carried out on the vehicle-
bridge dynamic analysis or vehicle-bridge-wind dynamic analysis (Byers et al. 1997a, b, Guo 
and Xu 2001, Cai and Chen 2004a, Xu et al. 2009, Chen and Wu 2010, Chen et al. 2011 a, b). 
While these dynamic responses can be used to assess the fatigue damage of bridges, fatigue 
analysis of bridges under the combined actions of both wind and vehicles have been conducted 
only in a few studies so far. However, given to the simultaneous presence of multiple dynamic 
loads, possible fatigue damage due to the combined effect of loading from highway vehicles or 
railway trains and wind loading could accumulate and cause safety concerns. As many structural 
health monitoring systems (SHMSs) are installed in long-span bridges, it is possible to use the 
two typical stress data resources for fatigue damage assessment, namely, on-site monitoring data 
from SHMSs and numerical simulations based on WVB dynamic system. Based on the 
integrating data from numerical simulation and SHMSs installed on Tsing Ma Bridge, Chen et al. 
(2011, 2012) proposed fatigue reliability analysis approaches to consider multiple dynamic loads 
from railway, highway, and wind loading. Meanwhile, Wu et al. (2012b) proposed a reliability-




analysis model, to consider combined dynamic effects from wind and traffic. Cumulative yearly 
fatigue damage, therefore, can be predicted by superposition of representative damage scenarios.  
 
Later, Zhang et al. (2013) proposed a general framework of fatigue reliability assessment for 
long-span bridges under combined dynamic loads from wind and vehicles. By solving the 
equations of motions of the vehicle-bridge-wind dynamic system, the dynamic stress histories for 
given structural details are obtained for a given vehicle speed, wind velocity and direction, and 
road roughness condition. Based on a given fatigue damage model, such as linear damage rule 
(LDR), the progressive fatigue damage accumulation in the bridge’s life cycle was calculated 
and the fatigue life and reliability for the given structure details in a bridge’s life cycle was 
predicted. It was demonstrated that while the traffic or wind loads alone are not able to induce 
serious fatigue problems, the combined dynamic effects from wind and vehicles might result in 
serious fatigue problems for long-span bridges. Recently, Zhang et al. (2014) also discussed the 
fatigue life reduction of existing long-span bridges due to the non-stationary hurricane wind 
loads and environmental corrosion. However, since the structural local failures have been 
identified as the main reason for the failure or unavailability of structure systems, it is necessary 
to understand how the coupled vehicle-bridge-wind dynamic system interacts with local damage 
initiation and propagation with the presence of environmental corrosion. Since there are large 
scale differences for the local damages and the coupled vehicle-bridge-wind dynamic system, 
incorporation of damage propagation in the coupled dynamic system is still challenging. 
 
2.6. Summary and concluding remarks 
Previous research on the wind-vehicle-bridge system has been briefly reviewed by introducing 
the methodology, the simulation procedure, and the performance assessment of vehicles and 
bridges in strong wind. The application of the WVB dynamic coupled system is focused on the 
vehicle accident issues, the mitigation of the bridge vibration, and the fatigue damage predictions. 
Numerical simulations proved that the WVB dynamic coupled system can be potentially applied 
to practical engineering. However, due to the simplifications adopted in both the numerical and 
experimental investigations, the complex of the problem involved, and the uncertainties 
associated with the system, further research is needed in the following aspects to develop more 




- Most of the vehicles used in the previous experimental and numerical simulations were 
statically placed on the roadway or bridge deck when characterizing the wind loading on the 
vehicle and bridges. Considering movable vehicles on a bridge deck is necessary to more 
realistically include the interaction of the vehicle, bridge, and wind, but significant challenge 
still exists in both CFD simulations and wind tunnel tests. 
- For a more reliable vehicle risk assessment, more realistic drivers’ behavior model is needed 
from driving simulations, which is also a challenging task. This is because different people 
respond differently under windy and/or other weather related hazard conditions.  
- More comprehensive and reliable accident criteria are needed to improve the vehicle safety 
assessment. Current criteria in the literature are either over simplified or not verified in the 
field. 
- Vehicle models and/or vehicle distribution patterns used in predicting the aerodynamic forces 
of the vehicle need to be more representative and more specific to bridge sites. 
- More efforts are still needed to develop more effective and more realistic simulations for the 
WVB coupled system. Currently, vehicle-bridge wind loading and vehicle-bridge response 
are treated as two separate subsystems. A unified simulation can be done by adopting more 
advanced numerical simulations and/or using more realistic wind-tunnel tests to obtain the 
vehicle and the bridge aerodynamic forces, clearly understand the aerodynamic 
characteristics of the vehicle, and study the interaction of moving vehicles, wind, and bridge 
vibrations.   
- Nearly all the work in the literature is numerical or laboratory based. There is essentially no 
reference related to field verifications, such as critical driving velocities, loads on bridges and 
vehicles. Field verifications of the developed procedures are needed. 
- There exist significant uncertainties associated with the numerical models, experimental 
techniques, and wind characteristics, among others, for the WVB system.  These 
uncertainties need to be considered and the detailed mathematical approach need to be 
consistent with these uncertainties. A reliability based approach for the accident assessment 
of vehicle safety is needed. 
- Most CFD simulations are currently based on 2D models. More realistic 3D simulations are 
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CHAPTER 3. AERODYNAMIC COEFFICIENTS OF ROAD VEHICLES 
MOVING ON BRIDGE UNDER CROSSWIND: A CFD STUDY 
3.1. Introduction 
Thunderstorms and strong winds have high potential of toppling high-side vehicles, such as high-
side trains and truck-trailers. According to the news released on NOLA.com, train cars were 
blown off the viaduct to the Huey P. Long Bridge outside New Orleans by severe thunderstorms 
on Monday, April 27, 2015 (NCEI 2015). Besides this particular incident of high side train cars, 
several high side truck-trailers had been knocked down by strong crosswind when driving on the 
ground as well as passing through a bridge (Admin 2011, Torregrossa 2013). Sudden crosswind 
hitting on the moving vehicle changes the flow field around the vehicle and yields additional 
unsteady aerodynamic effects, such as huge lateral forces. These additional aerodynamic forces 
with the complicated driver reaction put the vehicle in a critical situation. 
 
In recent years, an increasing number of freeway and long span bridges have been extended in 
coastal areas with the economic booming, which causes high frequency of vehicles subjecting to 
strong crosswinds, especially in hurricane seasons. Thus, the safety issue of road vehicles has 
become apparent when the vehicle runs through these strong-wind-prone regions. A group of 
researchers have dedicated to study the performance of vehicles and bridges under strong 
crosswinds (Xu and Guo 2003, Cai and Chen 2004, Li et al. 2004, Chen and Cai 2004, Han 2006, 
Chen and Chen 2010). Xu and Guo (2003) conducted the dynamic analysis of the coupled road 
vehicle and cable-stayed bridge system under turbulent wind. Cai and Chen (2004) presented a 
framework of the coupled three-dimensional vehicle-bridge system under strong wind. Chen and 
Chen (2010) assessed the vehicle safety behavior under hazardous driving conditions, such as 
wind-gust, snow-covered road surface, and curving. However, in these studies, the wind forces 
of the vehicle and the bridge were separately obtained from independent quasi-steady model, 
which means there is no consideration of the aerodynamic interaction between the bridge and the 
road vehicle.  
 
The aerodynamic characteristics of the vehicle depend on its profile and the motion state 




infrastructures (Suzuki et al. 2003). Baker (1991a, 1991b) experimentally investigated the 
aerodynamic performance of ground vehicles in high crosswinds, including steady aerodynamic 
forces and unsteady aerodynamic forces. In his studies, in forms of the vehicle forces and 
moments, the conclusion was made that the aerodynamic forces of ground vehicles were 
sensitive to the modelling details, particularly, in variations of the flow turbulence, the vehicle 
model scales, and the vehicle moving states. Suzuki et al. (2003) conducted wind tunnel 
experiments to measure aerodynamic forces on trains/vehicles suffering strong crosswinds. 
These vehicle models were laid on bridges and embankments in the wind tunnel tests, 
respectively. Their conclusions indicated that the side force coefficient of the vehicle is 
influenced by the height of the bridge girder and the vehicle roof condition, which addressed the 
significant effects of the highway infrastructures on the vehicle aerodynamic forces. Zhu et al. 
(2012) carried out wind tunnel tests for the purpose of obtaining the six aerodynamic 
forces/moments of road vehicles on a bridge deck accurately, in which four types of vehicles and 
a typical bridge deck with a flat closed box girder were modeled. The effect of vehicle position 
on the bridge lanes, as well as the effect of existence of the bridge deck in reference to the cases 
when vehicles move on ground, was studied. The motion effect of a vehicle was considered by 
changing the effective resultant wind speed and wind yaw angle, which is common and 
convenient in wind tunnel tests to investigate the moving vehicle effects. Their results showed 
that the aerodynamic coefficients of various types of vehicles, particularly the side force and 
rolling moment, were influenced by the existence of the bridge deck and vehicle location on the 
deck. Han et al. (2013) focused on the aerodynamic interaction between the road vehicle and the 
bridge in the simulation of a minivan under crosswinds through both experimental and numerical 
methods. The influences of wind turbulence, wind speed, and the vehicle interference on the 
aerodynamic coefficients of the vehicle were investigated. The measured results consisted with 
the numerical ones and concluded that the influence of the wind turbulence and the vehicle 
interference on the aerodynamic coefficients of the vehicle were apparent. However, the vehicle 
was placed statically during the experimental procedures and no vehicle motion effects were 
considered in above reviewed publications (Baker 1991a, 1991b, Suzuki et al. 2003, Han et al. 
2013) 
In addition, research about the aerodynamic characteristics of vehicles in the running state has 




and moments of a train through the moving model experiments. His study was aimed to correctly 
model the effects of atmospheric and train/ground relative motions in wind tunnel experiments, 
rather than conventional static wind tunnel experiments with low wind turbulence. Humphreys 
and Baker (1992) measured the aerodynamic forces of vehicles running on ground under the 
crosswind from moving model tests based on the success of adopting the moving vehicle rig. 
Conclusions were obtained that the moving effects of the vehicle is substantial on the wind 
forces of the road vehicles. Li et al. (2004) developed the crossed slot system devices in wind 
tunnel tests to measure aerodynamic characteristics of the vehicle-bridge coupled system. Based 
on the application of the crossed slot system devices, the influences of the Reynolds number and 
the aerodynamic interaction between the vehicle and the bridge were investigated. The impacts 
of the strong aerodynamic interaction on the aerodynamic forces of the vehicle-bridge system 
were significant. The complex crossed slot system proved to be a viable device for detecting 
mean aerodynamic values. Therefore, the effects of the relative motion and the aerodynamic 
interaction between the vehicle and the support structure should be taken into account to more 
accurately predict the aerodynamic characteristics of the vehicle running through strong 
crosswinds.  
 
Computational Fluid Dynamics (CFD) simulations, as an alternative to experimental research 
method, were introduced in wind engineering field in the early of 1990s and are becoming 
powerful to simulate complicated flow fields with the development of computing capacity. CFD 
plays a significant role in simulating aerodynamic characteristics of vehicles, bridges, and 
coupled vehicle-bridge system. Bettle et al. (2003) modeled the aerodynamic forces on a typical 
North American truck travelling across a bridge under crosswinds using CFD method. In that 
research, a relationship between the propensity of the truck turnover and the wind speed as well 
as the truck speed was established. The aerodynamic coefficients of the vehicle showed a 
qualitative agreement with the scale model wind tunnel testing results. Wang et al. (2013) 
studied the aerodynamic characteristics on stationary/moving vehicle-bridge deck system under 
crosswinds in terms of aerodynamic coefficients using CFD method. In the moving vehicle-
bridge system simulations, a resultant wind velocity method was used, which substitutes the 




the vehicle body and the bridge body remained in the fixed position ignoring relative motion 
between the vehicle and the bridge. 
 
On the other hand, the application of the dynamic mesh technology in CFD method was 
extensive and was used to carry out the relative motion between the two entities. For example, 
the relative motion between two vehicle bodies was simulated using a combination of deforming 
and sliding mesh in numerical simulations of the transient aerodynamic phenomena induced by 
overtaking maneuvers (Corin et al. 2008, Uystepruyst and Krajnovic 2013). Similarly, the 
relative motion between the vehicle and the road surface also can be obtained through the 
dynamic mesh technology. 
 
This study investigates the aerodynamic force coefficients of vehicles in crosswinds based on 
several three-dimensional Reynolds-Average Navier-Stokes simulations using CFD method and 
dynamic mesh technology. The objective is to more accurately estimate the aerodynamic forces 
and moments on the vehicle under strong crosswinds even in driving status. This chapter starts 
with an introduction of the simulation method including description of the simulation set-up, the 
turbulence model, the numerical method, and dynamic mesh method. Then, the result analysis is 
conducted in two parts to serve different objectives. The first part aims at incorporating the 
dynamic mesh technology and validating the numerical models against published experimental 
data; while the second part investigates the aerodynamic force coefficients and flow fields 
around multiple type vehicles. Finally, a summary and conclusions are obtained. 
 
3.2. Methodology 
3.2.1. Description of the set-up 
3.2.1.1. Geometries 
This section presents the vehicle and the bridge models that have been investigated in this study. 
In the situation of vehicle running in the crosswinds, a three dimension model was required to 
contain the vehicle driveway and its perpendicular crosswind flow field simultaneously. Thus, 
simplified three-dimension (3D) geometries were employed to represent the fundamental profiles 




Four vehicle types were chosen in this study including high-side lorry, sedan, emergency vehicle, 
and commercial heavy truck. All vehicles had the same scale ratio of 1:25 in considering the 
large number of numerical meshes and computing capacity. The high-side lorry was identical to 
the vehicle model used in Zhu et al.’s experiments (2012). The dimensions of the heavy truck 
conformed to the Federal Size Regulation for Commercial Motor Vehicles (2004); the 
emergency vehicle had the same dimensions as the Ford Ambulance E450; and the dimensions 
of the sedan were decided according to a midsize sedan (AASHTO, 2011). These geometry 
models were simplified for the computation by neglecting the tires, side mirrors, windshield 
wipers, and wheel sets of the vehicle. Figure 3.1 shows the dimensions of the four vehicle 
models adopted in the simulations. 
 
 
(a)                                       side view                                                                          front view                          
 
(b)                                           side view                                                             front view    
Figure 3.1. Vehicle models (unit:mm). (a) high-side lorry, (b) sedan, (c) emergency vehicle,  








































(c)                                             side view                                                                        front view    
 
(d)                                          side view                                                                   front view    
 
The bridge geometry investigated in this study was identical to the bridge model in Zhu et al.’s 
experiments (2012) and had a prototype of Xiangshan Harbor Bridge, a typical long span cable-
stayed bridge spans over the Xiangshan Habor in Ningbo, China. The bridge has a main span of 
688m and a flat box girder carrying four lanes on the upper deck.  A simplified bridge deck was 
considered ignoring hand rails, protection rails, and maintenance traces, but including side 
fairings (cannot be seen) as shown in Figure 3.2. The bridge was scaled with a ratio of 1:25 to be 
in accordance with the scaled vehicle models. 
 




































3.2.1.2. Dimensionless force/moment coefficients 
Quasi-static wind forces/moments approximation of vehicles are widely used in calculating wind 
forces and moments of vehicles both in static situation and in running condition since a transient 
type of force equations for vehicles are not available. Three aerodynamic forces and three 
aerodynamic moments of the vehicles were investigated and their positive directions are defined 
in Figure 3.3. The vehicles aerodynamic forces are related to its aerodynamic profile and 
dimensionless coefficients are more proper in description of the vehicle aerodynamic 
characteristics. In this study, aerodynamic characteristics were described in terms of 
aerodynamic force coefficients that are given below:  
 
Drag force coefficient: 𝐶𝑑 = 𝐹𝑑 0.5𝜌𝑉
2𝐴⁄  (3.1a) 
Lift force coefficient: 𝐶𝑙 = 𝐹𝑙 0.5𝜌𝑉
2𝐴⁄  (3.1b) 
Side force coefficient: 𝐶𝑠 = 𝐹𝑠 0.5𝜌𝑉
2𝐴⁄  (3.1c) 
Roll moment coefficient: 𝐶𝑟 = 𝐹𝑟 0.5𝜌𝑉
2𝐴𝐿⁄  (3.1d) 
Yaw moment coefficient: 𝐶𝑦 = 𝐹𝑦 0.5𝜌𝑉
2𝐴𝐿⁄  (3.1e) 
Pitch moment coefficient: 𝐶𝑝 = 𝐹𝑝 0.5𝜌𝑉
2𝐴𝐿⁄  (3.1f) 
 
where Fd , Fl , Fs, Fr , Fy  and Fp are, respectively, the drag force, lift force, side force, rolling 
moment,  yaw moment, and pitch moment. In Equation (3.1), 𝜌 is the air density, 𝐴 is the frontal 
area of the vehicle, 𝑉 is the resultant wind velocity induced by crosswind speed and driving 
speed, and L is the characteristic length of the vehicle and is defined as the maximum dimension 
of the vehicle. 
 





3.2.2. Numerical methodology 
3.2.2.1. Governing equations and turbulence model 
Reynolds (1895) proposed Reynolds-Averaged Navier-Stokes equation based on the principle 
that an instantaneous quantity of fluid flow can be assembled with its time-averaged quantities 
and fluctuating quantities. For the incompressible airflow, after being time averaged, the Navier-
Stoke equations can be described as: 
∂ui̅
∂xi













(2μSij̅̅ ̅ − ρui
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),  Sij̅̅ ̅ is the modulus of the mean rate-of-strain tensor; xi  is the axis in 
the Cartesian coordinate system, i=1,2,3;  ui̅  is the mean value of the velocity along the xi 
direction; t is the time; ρ is the air density; P̅ is the mean pressure of flow; μ is the air dynamic 
viscosity; ui
′ is the fluctuating part of velocity along the xi direction; and ρui′uj′̅̅ ̅̅ ̅ is the Reynolds 
stress represented by the turbulence modeling, such as k-epsilon (k − ε ) turbulence model and 
k-omega (k − ω ) turbulence model. 
 
For bluff body aerodynamics in wind engineering, Shear Stress Transport (SST) turbulence 
model has become very popular due to its good behavior for separation prediction and simulating 
the strong adverse pressure gradient flows (Wang et al. 2013). SST model is a kind of hybrid 
turbulence model that mixes the advantages of both k − ω model and k − ε model. k − ω model 
performs well for boundary layer flows, which can be integrated directly on the wall through the 
viscous sub layer. On the other hand, k − ε model is good at dealing with free shear flow. SST 
model simulates the flow turbulence using k-ω model at near wall regions, and using k-ε model 
in free stream areas. With an introduction of a blending function, the transport equations for SST 
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Gk̃ = −ρui′uj′̅̅ ̅̅ ̅
∂uj
∂xj




where μt is the turbulent eddy viscosity; σk and σω are the turbulent Prandtl numbers for k and 
ω, respectively; Gk̃ is the generation of turbulence kinetic energy due to mean velocity gradients; 
F1 is the blending function; and β
∗ and β are the coefficient of thermal expansion. 
 
The present numerical simulation was conducted with the SST model, in which the turbulent 












                                                             (3.7) 
and  σk and σω are calculated by 
σk =
1
F1 σk,1⁄ +(1−F1) σk,2⁄
                                                         (3.8) 
σω =
1
F1 σω,1⁄ +(1−F1) σω,2⁄
                                                     (3.9) 
where S is the strain rate magnitude; and the coefficient α∗ damps the turbulent viscosity causing 
a low-Reynolds number correction. Model constants used in the present study are: σk,1 =
1.176;σω,1 = 2.0 σk,2=1.0;σω,2 = 1.168 and a1=0.31.  
 
3.2.2.2.  Numerical model 
Commercial software, the Fluent, was adopted to solve the governing equations. The finite 
volume method was used to discretize the governing equations in this study. Momentum, 
Turbulent Kinetic Energy, and Specific Dissipation Rate were discretized using the Quick. The 
pressure was discretized in a standard scheme. Gradient terms were handled using the Least 
Squares Cell Based approach. The Pressure-Implicit with Splitting of Operators (PISO) 
algorithm was employed for velocity and pressure coupling. To carry out the dynamic mesh 
technology in the numerical simulation, a user defined file (UDF) was compiled with the Fluent 
setup. At each time step, the results were accepted as convergent after about 20 iterations. 
 
In general, a computational domain is defined to reflect the flow characteristics not only around 
the vehicle model but also in the far flow field. Thus, the computational domain should be as 
large as allowing the flow development in the flow direction. On the other hand, in this dynamic 
mesh study, the length of the bridge model should be adequate to allow the movement of the 




the lorry-bridge system model is shown in Figure 3.4 as an example. In general, the 
computational domain was selected with 17H in height, 35H in width, and 7H plus 5m in length 
considering the vehicle running for 1 second on the bridge deck with a vehicle speed of 5 m/s, 
where H is the bridge height.  The computational domain surfaces above the vehicle and below 
the bridge and the two end surfaces along the bridge were set as symmetry boundary conditions. 
The upstream surface and downstream surface were set as inlet and outlet boundary conditions, 
respectively, where fluids can simultaneously flow in and out the domain. The inlet surface was 
assigned with a uniform wind speed, turbulence kinetic energy k of 0.05, and special dissipation 




Figure 3.4. Computational domain Figure 3.5. Core subdomain 
  
As discussed earlier, the accuracy of the simulation results requires fine meshes near the model 
boundary such that the governing equation can be integrated from the wall boundary. Meanwhile, 
if the fine-mesh scheme is applied throughout the whole computational domain, the mesh 
amount of the numerical model will increase sharply, especially in a 3D model compared to a 2D 
model. In order to resolve the conflict between the large amount meshes and the computing 
capacity, a cubical core subdomain was subdivided in the computational domain, which was also 
beneficial to simulate the vehicle’s motion. Figure 3.5 shows the details of the core subdomain 
that wraps the vehicle with nearby air. An interface boundary was used in non-conformal mesh 




the core subdomain. Therefore, the interface boundary was applied to five surfaces of the core 
domain except the bottom surface that is simulated as a part of the bridge deck. In this study, the 
core-domain was meshing fine and the far away part of the computational domain was meshing 
coarsely. 
 
3.2.2.3. Mesh details 
The structural meshes for all vehicle models were created with the commercial mesh generator 
Ansys ICEM and consist of only hexahedral elements. For complex profile models of the 
vehicles, mesh topologies were constructed by O-grid wrapping the vehicle and bridge deck and 
H-grid padding in faraway flow fields. The combination of different grids contributes to mesh 
concentration around the surface of the vehicles, so that obtaining accurate vehicle aerodynamic 
forces. Figure 3.6 shows an overall view of the surface meshes for the scaled lorry vehicle. 
Vehicle meshes of the lorry model are described here as an example. The wall normal resolution, 
y+, should be less than 1 such that the governing equation could be integrated in viscous layer 
directly other than with the help of wall function. Thus, the height of the first layer mesh near the 
vehicle surface was defined as 1×10
-5 
m for computational meshes of the lorry model. Figure 3.7 
represents the actual y+ value of the lorry model simulations, in which the detected average 
value for upper limit of 5 is within the accepted range for the SST turbulence model. The 
accuracy was investigated through conducting the lorry model simulation on three different 
densities of computational meshes. The distribution of meshes over the lorry surface and the first 
layer height of the computational meshes were consistent for the three computational meshes. 
The numbers of computational mesh elements were 6.4 million for the coarse mesh, 8.6 million 





 s, and 5×10
-5
 s, respectively, corresponding to the meshes and the crosswind velocity, 





Figure 3.6. Surface meshes over the scaled lorry model 
 
 
Figure 3.7. Actual y+ value distribution over the lorry 
 
3.2.2.4. Deforming and sliding mesh 
The rectilinear movement of the vehicle body was achieved by adopting dynamic/sliding mesh 
technology.  Figure 3.8 shows the effect of the vehicle movement on the computational mesh at 
three different times of the simulations. 
 
The overall domain was composed of three subdomains: the core one, containing the moving 
vehicle and being pushed forward with the vehicle together; the medium subdomain, in charge of 
vehicle motion through creating and collapsing mesh layers; the outer subdomain, representing 
the faraway flow fields of the simulation and being remained fixed all along the simulation. 
Layering meshing scheme was employed as the dynamic mesh technology. In the vehicle linear 
movement procedure, the meshes in front of the vehicle were compressed along with the vehicle 




collapse in front of the vehicle layer by layer and new mesh split in back of the vehicle. Thus, the 
vehicle was sliding during the simulation while the ground beneath the vehicle remained 
stationary, and as such the vehicle movement was realized. A similar approach was successfully 
used in the investigation of the transient aerodynamic phenomena induced by overtaking 
maneuvers (Krajnovic et al. 2009, Uystepruyst and Krajnovic 2013).  
 
a b c 
Figure 3.8. Deformation of the computational mesh for the vehicle moving forward. (a) start, (b) 
middle, (c) end. 
 
3.3. Numerical model resolution 
3.3.1. Numerical accuracy 
The numerical accuracy was examined with a comparison of the aerodynamic coefficients 
between calculations on different meshes and different sizes of the core subdomain. In this 
simulation, the vehicle and bridge stayed stationary without any relative motion between each 
other, and the coming wind was the resultant of the crosswind and relative upcoming wind due to 
the vehicle movement. The aerodynamic coefficients of the high-side lorry in the fixed vehicle-
bridge model at a yaw angle of 60
o
 were obtained.  
 
3.3.1.1. Meshing analysis 
Table 3.1 shows the lorry aerodynamic coefficients under three different meshing schemes as 
discussed earlier. The maximum difference of all coefficients among the three mesh schemes 
occurs in the pitching moment coefficient with only 5% difference, which means the three mesh 








Table 3.1.  Coefficients of lorry in meshing schemes 
Meshing Cd Cl Cs Cr Cy Cp 
Coarse 0.3716 -0.1282 5.0561 0.1974 -0.3936 -0.0136 
Medium 0.3670 -0.1283 5.1012 0.2003 -0.4086 -0.0132 
Fine 0.3562 -0.1270 5.1250 0.2070 -0.3804 -0.0130 
Max difference 4.3% 1.0% 1.3% 4.6% 3.4% 5.0% 
 
3.3.1.2. Core subdomain independence analysis 
Layering mesh method was successfully employed in pushing the lorry forward, in which 
hexahedral meshes were required to be collapsed and generated regularly in the dynamic mesh 
technology. To resolve the conflict between the regular meshes and irregular vehicle surface, a 
cuboid-shape core subdomain was created to wrap the vehicle and meet the regularity demand. 
On the other hand, the adoption of the core subdomain was an efficient solution that reduced the 
mesh amount by meshing coarsely in the faraway computational domain. In this section, the core 
subdomain effect on the vehicle aerodynamic characteristics was studied through changing the 
volume of the core subdomain. Three types of distances between the outer surface of the core 
subdomain and the vehicle surface were used to investigate the effect of different core 
subdomain volumes. Thus, 0.5h, h and 1.5h distance were adopted for volume variance, where h 
is the height of the scaled lorry. That is, the distance between the outer surface and the vehicle 
surface were around 70mm, 140mm, and 210mm, respectively, in the three simulations. The 





Table 3.2 lists the results obtained from studying the volume variance of the core subdomain. 
Obviously, the vehicle aerodynamic coefficients from the simulations with three different core 
subdomains are much close to each other, with a max difference of 5.7%, 3.0%, 1.3%, 7.5%, 
1.3%, 5.8% for Cd, Cl, Cs, Cr, Cy, and Cp, respectively. In other words, the volume variance of 
core subdomain slightly influences the aerodynamic forces and moments of the scaled lorry. This 
minor influence could be due to using the same boundary setting for the numerical simulations. 
The core subdomain wrapped the vehicle with nearby air, but did not separate the vehicle with 
the outer space by setting the subdomain outer surface as the interface boundary condition, 




various properties of the flow transfer between the two sides of the interface exactly, such as the 
flow velocity, pressure, and density, even between the non-conformal meshes (the mesh 
distributions on the two sides of the surface were different). Thus, creating the core subdomain 
has limited influence on the flow development around the vehicle in the CFD simulations, and 
then has slight influence on the aerodynamic forces and moments of the vehicle. 
 
Table 3.2.  Coefficients of lorry in core subdomain analysis 
Meshing Cd Cl Cs Cr Cy Cp 
0.5H 0.3594 -0.1295 5.0217 0.1942 -0.3933 -0.0130 
H 0.3716 -0.1282 5.0561 0.1974 -0.3936 -0.0136 
1.5H 0.3814 -0.1336 5.0873 0.2099 -0.3986 -0.0138 
Max difference 5.7% 3.0% 1.3% 7.5% 1.3% 5.8% 
 
3.3.2. Validation with experimental data 
To validate the numerical models, the aerodynamic coefficients of the fixed lorry-bridge model 
were investigated and compared with the available experimental data using the resultant wind 
velocity approach that was adopted in the wind tunnel experiments (Zhu et al. 2012). The present 
numerical study in this section was conducted under conditions similar to the experimental 
studies, including the model scale ratio, the supporting infrastructure type, and the upcoming 
wind properties. However, the bridge details, such as hand rails and maintenance traces in the 
experimental study were neglected in the numerical simulation as discussed earlier. The 
supporting bridge deck was simplified as a configuration of a simple stream-lined cross section 
having same width and height with the experimental one. Figure 3.9 plots the results obtained by 





The simulation results are generally in a good agreement with the experimental data.  
 
As can be seen in Figure 3.9, the numerical simulations predict aerodynamic coefficients 
similarly to the data of experiments at high yaw angles. For the force coefficients, the drag and 
lift coefficients (Cd and Cl) decrease with respect to the increasing yaw angels. The values of the 
drag and lift coefficients are very close to the experimental results. The side force coefficients 
(Cs) in this study display an increase trend with the increasing yaw angles, which has the same 




the experiments. The maximum difference of 30% is observed in side force coefficients between 
the current study and the experimental data at high yaw angles. The difference between the two 
side force coefficient curves should mainly blame on the absence of the hand rail and protection 
rail that were exactly mimicked in the experiments. On the other hand, the boundary layer 
conditions are also of importance in causing the discrepancy of the coefficients. Cheli et al 
(2011a) pointed out that the effect of the boundary layer conditions is particularly evident at high 
yaw angles in investigations of the vehicle aerodynamic characteristics 
 
For the moment coefficients, the rolling moment and yaw moment coefficients show increasing, 
and decreasing trend with respect to the increase of yaw angles, respectively. The rolling and 
yaw coefficients obtained from the current study are very close to the ones from the experiment 
with a maximum difference of only 7% and 9% at high yaw angles. However, the pitch moment 
curve shows flat relative to other two moment coefficients and is with a significant discrepancy 
from the experimental data curve. The pitch coefficients are very small, such as -0.07, and a 
slight change of the value can cause a large difference in terms of percentage, which is the reason 
that the absolute values of the experimental pitch coefficient are multiple times of the current 
result. In addition, the measurement errors of the experiments may also result in the difference of 
the coefficients. Generally speaking, the numerical results are in agreement with the experiment 
results and the numerical simulation model presented in this study is acceptable for the 
investigation of the vehicle aerodynamics. 
  
Figure 3.9. Comparison of aerodynamic coefficients against yaw angel 
 

















































































3.4. Relative motion effect on the vehicle 
Following the aerodynamic coefficients study of the lorry using the fixed vehicle-bridge model, 
the relative motion effect on the vehicle using a sliding vehicle-bridge model was studied with 
the help of dynamic mesh technology for accuracy and comparison reasons under the same 
boundary conditions of the fixed cases. In the sliding model, the wind forces were induced by the 
crosswind and vehicle front-coming flow, which causes a resultant wind force having same 
direction and value to those of the resultant wind in the fixed model simulations. Layering 
scheme was applied on the core subdomain combining with the compiled UFD file that was used 
to assign the motion of the vehicle as discussed earlier.  
 
3.4.1. Aerodynamic coefficients 





that are depicted in Figure 3.10 together with the results of fixed vehicle-
bridge model study. In Figure 3.10, each aerodynamic force/moment coefficient of the lorry 
performs the same trend against the yaw angle for both fixed and sliding vehicle-bridge models. 
The coefficients of the drag force and yaw moment and the coefficients of the side force and 
rolling moment are plotted decreasing and increasing against increasing yaw angles, respectively; 
while the lift force and pitch moment coefficients is increasing and then decreasing as the yaw 
angle increases. For every aerodynamic coefficient, the same tendency of the curve implies that 
the vehicle motion does not affect the variance of coefficients against the yaw angles. However, 
the motion of vehicle relative to the bridge deck does affect the coefficient values of each 
aerodynamic forces/moments. That is, the aerodynamic coefficients obtained from the sliding 
vehicle-bridge model are slightly larger than the results from the fixed vehicle-bridge model 
except the yaw moment coefficient. The maximum discrepancy of the drag, lift, side force 
coefficients and the rolling, yaw, pitch moment coefficients of the lorry between the sliding and 
fixed model studies are 7.2%, 42.4%, 4.1%, 5.2%, 3.0%, and 18.0%, respectively. Most 
aerodynamic coefficients of the lorry are slightly influenced by the motion status of the vehicle, 
only about 8%, but the average discrepancy reaches about 10%. On the other hand, the lift force 
and pitch moment coefficients possess a high difference between the two vehicle-bridge model 
simulations at a yaw angle of 40
o
, and the two values obtained from sliding model are larger than 




model study than in fixed model study. In addition, the results from the sliding model show that 
the vehicle has higher potential of lateral slip and turnover and less friction force than what the 
fixed model results indicates, which is induced by the larger side force, rolling moment and lift 
force on the vehicle. 
 
To explain why the vehicle movement in the sliding model affects vehicle aerodynamic 
coefficients and risks, the pressure distribution on the vehicle is referenced.  The pressure 
distribution on the six surfaces of the lorry from both the fixed and sliding vehicle-bridge models 
are displayed in Figure 3.11 and Figure 3.12, when subjected to the same resultant wind at yaw 
angle of 60
o
. Figure 3.11 and Figure 3.12 show very similar pressure distribution patterns, such 
as the position and the range of high/low pressure region on each surface. As it is known, the 
quasi-steady forces and moments are caused by the different pressures on the two surfaces of the 
vehicle. For example, a large side force is due to a big pressure discrepancy on the windward and 
leeward surface of the vehicle. Thus, it is reasonable that the lorry has very similar forces and 
moments in both model studies. On the other hand, the pressure value and its difference 
determine the force/moment values, which could be used to explain the slight difference of 
aerodynamic coefficients between the sliding and fixed model studies as discussed previously. 
From the legends of pressure distributions in Figure 3.11 and Figure 3.12, the maximum 
difference value of the pressure contour over the vehicle surfaces are 180 pa and 170 pa in 
sliding model case and fixed model case, respectively. That is, the lorry suffered a higher 
pressure discrepancy in the sliding model than in the fixed model, which contributes to a slight 








Figure 3.10.  Relative motion effect of the vehicle 
 
Based on the discussion above on the aerodynamic coefficients and pressure distributions of the 
vehicle, a conclusion could be derived that the motion of the vehicle relatively to the bridge deck 
results in slight larger pressure discrepancy over the vehicle and then slight larger aerodynamic 
forces/moments except the yaw moment. Although the effect on the aerodynamic coefficients of 
the vehicle is limited, the motion of the vehicle relatively to the bridge deck should be taken into 






































































































account in conservative simulations. Thus, both fixed and sliding vehicle-bridge models could be 
used to investigate the aerodynamic coefficients of the vehicle, and the choice of the simulation 
model is based on the case’s requirement.  
 
 
(a)  Front view 
 
(b) Back view 
 
(c) Leeward view 
 
(d) Windward view 
 
(e) Top view 
 
(f) Bottom view 
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3.4.2. Flow field 
In this section, the simulation cases under the yaw angle of 60
o 
are selected for the flow field 
study of the sliding and fixed models. The flow field around the vehicle is also explored in terms 




dimensional (3D) streamlines in addition to the vertical and horizontal surface streamlines are 
used to display the developed flow field. From the 3D streamlines around the vehicle, 
demonstrated in the left figures, the flow field develops differently between each other. Figure 
3.14 (b) shows a typical flow field of bluff body that the streamlines are blocked by the vehicle, 
go over the vehicle, and then refill the vacant region behind the vehicle, forming vortexes behind 
the vehicle. These vortexes’ locations and sizes could be visualized with the assistance of the 
projected view, such as the vertical and horizontal projected view shown in the upper right and 
lower right of Figure 3.14 (b). However, the streamlines around the moving vehicle is totally 
different from the stationary ones. The streamlines in front of the vehicle is cutting by the 
moving vehicle while the streamlines at the rear part of the vehicle are sucked into the vacant 
region behind the vehicle regularly as shown in Figure 3.14 (a).  Thus, orderliness of streamlines 
can be detected around the vehicle, such as the horizontal view in Figure 3.14 (a). The vertical 
view of the streamlines in Figure 3.14 (a) shows a similar vortex behind the vehicle with the 
vertical view in Figure 3.14 (b). The different patterns of the flow fields around the vehicle in the 






(a) Streamlines of sliding model (Left: 3D view; upper right: vertical projected view; lower right: 
horizontal projected view) 











(b) Streamlines of fixed model (Left: 3D view; upper right: vertical projected view; lower right: 
horizontal projected view) 
 
3.5. Effect of highway infrastructures  
Recently, aerodynamic interference between the vehicle and the highway infrastructure was 
emphasized in vehicle aerodynamic studies. For instance, the existence of the bridge influences 
the flow field around the vehicle, which usually impacts aerodynamic forces/moments on the 
vehicle. On the other hand, the position of the vehicle on road surface is of importance for the 
vehicle aerodynamic studies as well. Thus, in this section, the cases that the high-side lorry 
moving on open ground and moving on four different bridge lanes, respectively, were simulated 
for the purpose of investigating the highway infrastructure effect. In each situation, six yaw 
angles of the resultant upcoming wind were concerned. Thus, a total of thirty simulation cases 
were conducted in this section. 
 
Figure 3.14 represents a typical curve plotting the aerodynamic coefficients of lorry moving on 
the ground and those of the corresponding lorry moving on the four different bridge lanes using 
sliding vehicle-bridge model. It can be seen from Figure 3.14 that, for vehicle moving on the 
bridge cases, the same tendency is found in the coefficient curves for each aerodynamic 
forces/moments, such as the drag coefficient curve decreases with an increase of the yaw angles 
in all bridge cases. Moreover, at every yaw angle, all six aerodynamic coefficients hardly change 




surface. This phenomenon may be due to the fact that the bridge upper road surface are partially 
covered with the wake caused by windward-side of the bridge, and due to the consistence of the 
flow field over the bridge deck upper surface where the lorry is located. Figure 3.15 
demonstrates the pressure distribution on a vertical plane crossing through the lorry’s center of 
gravity and could help understand the limit influence of the vehicle location intuitively.   
 
Unlike the insignificant effect of the vehicle location on the bridge deck, the existence of the 
bridge deck affects the vehicle aerodynamic coefficients obviously, which can be abstracted 
from a comparison between the ground case and bridge case. Figure 3.14 shows that the lift, 
rolling, and pitch coefficients obtained from the bridge case are distinct from the ground case. In 
addition, the presence of the bridge deck leads to smaller lift force and pitch moment coefficients 
of the lorry, but results in larger rolling moments. A conclusion can be made that the lift, rolling, 
and pitch coefficients are sensitive to the existence of the bridge deck dramatically.  
 
Since the moment is decided by the forces and its action point, and the drag and side force of the 
lorry are not significantly changed shown in Figure 3.14, it can be pointed out that the change of 
lift force may induce the changes of rolling moment and pitch moment. In Figure 3.14, the 
maximum difference of the lift  and rolling coefficient between the bridge cases and ground 
cases both occur at the yaw angle of 40
o
, which means that a maximum reduction of the lift force 
coefficient cause the maximum growth of the rolling moment coefficient when the lorry is 
running on the bridge. On the other hand, the explanation of how the varied lift force influences 
the pitch moment could take into account on the force action point. The presence of bridge under 
the vehicle may induce the lift force action point moving forward to the vehicle’s head, so that 
the pitch coefficient turns to negative and the vehicle suffers a moment lift up the vehicle’s head. 
What is more, at high yaw angles, the vehicle is sucked on the bridge due to the negative lift 
forces coefficient and the lift force action point moving backward to the end of the vehicle with 
the increase of yaw angles in the bridge cases. However, in ground cases, the suction action point 
moves forward to the front of the vehicle with the increase of yaw angles.   
 
Figure 3.15 demonstrates the pressure distribution around the vehicle, and helps understand the 




deck are evidently smaller than those of corresponding lorry on the ground in general, which 
may be caused by the reduction of sucking force acting on the lorry’s top surface and 
interference of the flow field between the lorry and the bridge deck shown in Figure 3.15. 
Moreover, the pitch moment coefficients of the lorry on the ground are positive but those on the 
bridge are negative, which means the lorry is nodding when moving on ground while it is 
looking up when moving on bridge. This phenomenon may be due to the action point of the 
resultant drag force on the front surface of the lorry moving up when the substantial reduction of 
mean wind velocities at the lower part of the lorry. Similarly, the reasons that the pitch moment 
and the rolling moment coefficient of all the vehicles on the four bridge lanes are larger than 
those of the vehicles on the ground are due to the raised action point of the side force on the 
windward side of the vehicle. Thus, the existence of the bridge deck significantly influences the 
wind velocity within the lower part of the lorry and the flow field around the lorry, and then 




Figure 3.14 Infrastructure effect on vehicle forces 
 


























































































Figure 3.15. Vertical view of pressure distribution across vehicle gravity 
 
3.6. Effect of vehicle type  
There were four vehicle types concerned in this section to investigate the influence of vehicle 
size and shape on the aerodynamic coefficients. Midsize sedan, ambulance, and 48’ commercial 
truck were considered, representing small car, medium car and heavy truck, respectively.  All 
vehicle cases were carried out through the sliding vehicle-bridge model under situations that the 





 in accordance with the lorry cases. Figure 3.16 plots the six aerodynamic coefficient 









































curves of the four type vehicles against yaw angles. In general, the aerodynamic coefficients of 
all vehicles differ from those of each other vehicle types. 
 
From the drag force coefficient curve in Figure 3.16, all curves of the four types of vehicles 
show decreasing tendency against increasing yaw angles with maximum and minimum values 
appearing at the two ends of the curve. For example, the maximum drag coefficient of the heavy 
truck happens at the yaw angle of 20
o
, which means the suction caused by the vortex-shedding at 
the rear of the heavy truck is the strongest when vehicle suffering a resultant wind at 20
o
 yaw 
angle. In other words, the vehicle could be pulled badly and needs more driving force to move 
forward when the resultant wind hitting with a small yaw angle. The drag coefficient curves of 
all type vehicles decrease with different slopes. The curve of sedan decreases with a relative flat 
slope while the heavy truck with a steep slope. In the order from the largest to the smallest drag 
force coefficient, it goes from heavy truck, high-side lorry, ambulance, and sedan at yaw angles 
under 60
o
.  The smaller the yaw angle the more distinction of the drag coefficients between these 
vehicles happens. The sharp reduction of the vehicle sizes contributes to this difference as well 
as the vehicle size enlarges this distinction of drag coefficients. In addition, beyond the yaw 
angle of 70
o
, the drag coefficients of large size vehicles, such as lorry and heavy truck, become 
negative while those of the medium and small size vehicles remain positive throughout all yaw 
angles. This phenomenon is mainly induced by the stronger suction due to the vortex-shedding at 
the front part of the big size vehicles relative to the one at the rear part of the vehicle. 
Nevertheless, small size vehicles are not affected by the alternation of suction on the vehicle 
front and back face. 
 
In Figure 3.16, for the heavy truck, lorry and ambulance, from the lift force coefficients, the 
tendency of the lift force coefficient curve is ascent and then descent, reaching peak values at the 






, respectively. In other words, the wind yaw angle when vehicle 
having the maximum lift force coefficient is consistent for the three vehicle sizes and occurs at a 
yaw angle around 45
o 
for medium and big size vehicles. Thus, the vehicle type does not affect 
the yaw angle at where the peak value of the lift coefficient appears. This conclusion could be 
explained that the lift force is sensitive to the flow separation at the windward edge of the top 




around the yaw angle of 45
o
 for the medium and big size vehicles. However, the lift coefficient 
curve of the sedan shows slight descent tendency against increasing yaw angles. In addition, the 
lift force coefficient of the sedan is smaller than the ones of the other three types of vehicles, and 
remains negative throughout all yaw angles. This is because the sedan with low height is totally 
immerged in the wake of the windward edge of the bridge deck and the flow around the vehicle 
is influenced by the bridge obviously.  
 
The side force coefficient curves of the four type vehicles goes up remarkably with the 
increasing yaw angle at the low yaw angle range and then climb slowly when the yaw angel is 
beyond 50
o
. Even for the ambulance vehicle, the side force coefficient shows a slight drop from 




. With the increasing yaw angles, the side projected area of the 
vehicle increases. With the windward surface of vehicle exposure to the resultant flow, a big 
wind vortex yields behind the leeward surface of the vehicle, which induces a big suction on the 
vehicle and the side force of the vehicle. Thus, the side force on the vehicle becomes larger as 
the yaw angle increases. In addition, the varying rate of the side projected area follows a sine 
function, thus, the increase of the side force coefficient is remarkable at low yaw angels and then 
slows down at high yaw angels. On the other hand, the fact from Figure 3.16 that the big size 
vehicle possesses larger side force coefficient and vice versa illustrates that the size of the 
vehicle affects the value of the vehicle side force coefficient. Moreover, there may be a 
calculating factor accounting for the relationship between the vehicle size and its side force 
coefficient. In calculation using Equation (5.1c) for the side force coefficient, the A in the 
denominator is the frontal area of each vehicle that is not significant different among vehicles 
except for sedan. However, under every yaw angle, the side force on each vehicle varies in 
accordance with the rule of small side force on small size vehicle and large side force on large 
size vehicle, which elicits the large side force coefficient for the big size vehicle, such as heavy 
truck, and small one for the small size vehicle. 
 
Similar to the side force coefficient, Figure 3.16 shows that the rolling moment coefficients of all 
vehicles increase as the yaw angle increases until the yaw angle reaches round 40
o
 and then 
climb slowly, even the rolling coefficient of the sedan decreases with the raising yaw angle. All 




which means all vehicles will suffer turnover moments during driving through the crosswind. 
Being consistent with the distribution of the side force coefficient among the four vehicles, the 
roll moment coefficient is larger for the vehicle with a larger windward projected area compared 
with other vehicles. However, the rolling moment of ambulance is larger than that of the lorry as 
seen from Figure 3.16. This phenomenon is attributed to the fact that the rolling moment depends 
on all the three aerodynamic forces as well as on the action points of these forces.  
 
From yaw moment coefficients in Figure 3.16, the yaw moments of sedan, lorry and heavy truck 
are negative throughout all yaw angles, where a negative value indicates that the vehicle turn its 
head close to the resultant wind direction to reduce the yaw angle when yaw angle is less than 
90
o
. The absolute value of the yaw moment for every type of vehicles remains increasing with 
the increasing yaw angles which may be influenced by the side force and drag force of the 
vehicle. The ambulance possesses a positive yaw moment throughout all yaw angles. This may 
be attributed to its position of the gravity center relatively to the geometric center. From Figure 
3.1, the gravity center of the ambulance deviates from the geometric center to the rear part of the 
vehicle while the gravity center of other three vehicles move forward toward the front part of the 
vehicle. 
 
The pitch moment coefficients of the sedan and ambulance decrease rapidly as the yaw angle 
increases, and then turn into negative beyond the yaw angle of 60
o
. This could blame on the low 
height of these two vehicles leading most part of vehicle body immersed in the wake of the 
bridge deck. Thus, the complicated pressure distributions over the surfaces of the sedan and 
ambulance make the pitch moment coefficient of these two vehicles sensitive to the yaw angles. 
On the other hand, the pitch moment coefficients of big size vehicles remain in negative values 
throughout all yaw angles, which means the vehicle may raise its head when driving through 
crosswind. 
 
Generally speaking, the change tendencies of the six coefficients versus the wind yaw angle have 
insignificant difference among these four types of vehicle. However, for the six aerodynamic 
forces/moment characteristics, the four vehicle types have significant distinction. The value of 




value excepting the pitch moment coefficient. In this vehicle type study, the heavy truck 
possesses the largest absolute values of the force/moment coefficients at most concerned yaw 
angles and has highest risks relatively to other three types of vehicle when driving through 
crosswind on the bridge deck. That is, the heavy truck is relatively prone to turnover, lateral 





Figure 3.16. Vehicle type effects 














































































































An investigation of lorry aerodynamic characteristics was conducted in consideration of different 
situations that the lorry moves on a typical flat box bridge deck under crosswind through CFD 
simulations. Firstly, the aerodynamic coefficients of the lorry running on the bridge using 
resultant wind method with stationary mesh technology were obtained to validate the results of 
the numerical simulation. Then, the aerodynamic coefficients of the lorry were  predicted using 
dynamic mesh technology, through which the real relative motion between the lorry and the 
bridge deck were carried out. In addition, through the dynamic mesh technology, the cases of the 
lorry moving on the ground and on four different bridge lanes were studied to probe into the 
effects of the bridge deck on the aerodynamic coefficients of the lorry. Similarly, the variance of 
aerodynamic coefficients among four types of vehicles is explored. 
 
The simulated results of the lorry obtained from the sliding mesh system exhibit different 
aerodynamic features from the fixed mesh system because of the relative motion between the 
lorry and bridge deck surface. The lift force coefficient displays a transcendence of some 40% 
and the average value of the six coefficients is about 10% in the sliding model study, which 
illustrates the importance of performing the relative motion in consideration of vehicle 
aerodynamic characteristics for the purpose of vehicle safety. The distinct flow field around the 
moving vehicle within the sliding mesh system may be attributed to the difference of the 
aerodynamic coefficient of the lorry obtained with the sliding mesh system and fixed mesh 
system. 
 
When the lorry is moving on the bridge deck, the lift force coefficient becomes smaller and roll 
moment coefficient becomes larger, while the pitch moment coefficient turns into negative value 
compared with the lorry moving on the open ground. The growth of the roll moment coefficient 
of the lorry contributes to an easy turnover of the lorry and the negative pitch moment coefficient 
dedicates a raise of the lorry head. Through the vehicle type studies, in general, the value of the 
aerodynamic coefficients is following a rule that the big size vehicle possesses a larger absolute 
coefficient value. The heavy truck possesses the largest absolute values of force/moment 
coefficients at most concerned yaw angles and has highest risks of accident compared to other 





The present study focuses on the six aerodynamic coefficients of vehicles moving on bridge deck 
in smooth wind flow with the application of dynamic mesh technology. The effects of the 
turbulence and wind gust on the aerodynamic forces/moments of the vehicle will be considered 
in near future. 
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CHAPTER 4. ASSESSMENT OF VEHICLE AND DRIVER 
PERFORMANCE IN WINDY AND RAINY ENVIRONMENTS: 
STATISTICAL STUDY 
4.1. Introduction 
As a significant part of disasters, vehicle accidents are causing more injuries and casualties than 
any other natural or non-natural disasters in the United States as well as other developed 
countries. Negative effects of hazardous driving environments on vehicle performance have been 
recognized worldwide. In coastal states, especially in hurricane season, adverse driving 
environments such as strong crosswinds with heavy rains have been blamed for a series of bad 
collisions resulting from roadway offsets and large heading errors (NHTSA 2008). In the United 
States, according to USDOT (2015), inclement weather induced fatal crashes were responsible 
for around 12% of the fatal crashes involving large trucks in 2013. Unlike traffic collisions 
which may cause millions of deaths every year, non-collision single vehicle accidents due to the 
bad weather still have high potential to hurt or kill the driver and passengers. Moreover, the mess 
left in the road due to the single vehicle accidents also causes severe traffic jam and affects the 
normal work of the roadway as well as emergency situations, which may put many people in 
miserable situations as well as lead economic loss.  
 
Several decades ago, measurement and assessment of the accident risk for the vehicle to guide 
the exposed road management in windy weather were arbitrary and unreasonable. Thus, a group 
of researchers were devoted in the safety evaluation for the road vehicle travelling under windy 
environment and presented useful suggestion to control vehicle movements. In 1986, Baker 
suggested a simplified analysis of various types of wind-induced road vehicle accidents through 
deriving vehicle motion equations considering vehicle aerodynamic forces and moments. The 
conclusion was that the bus was most likely to suffer overturn accident induced by wind. In the 
following years, Baker and his coworkers developed a BLOWOVER model to investigate the 
wind-induced accidents of road vehicles and improved it to be more close to reality (Baker 1987, 
1994, Baker and Reynolds 1992).  They concluded that the high-side vehicle was easily involved 
in the wind-induced overturn accident and the traffic should be restricted when wind gust speed 




BLOWOVER might predict accident wind speed higher than the data due to the lake of vehicle 
aerodynamic characteristics.   
 
Inclement weather can influence the freeway capacity as well as the operating speed. Ibrahim 
and Hall (1994) studied the effects of rain and snow on freeway operations in Canada and tested 
the inclement weather on the relationship between speed and occupancy. While light rains were 
reported to cause a vehicle speed drop of 2 km/h and heavy rains reduced about 10 km/m of 
vehicle speed, light snow and heavy snow induced 2 km/h and 38 to 50 km/h vehicle speed 
falling, respectively. May (1998) suggested free-flow speeds for different weather conditions that 
were included in the 2000 version of the Highway Capacity Manual. In clear and dry weather, 
the recommended value of the free-flow speed was 120 km/h; in light rain and light snow 
condition, the value should be 110km/h; in heavy rain and heavy snow weather, the speed 
becomes 100 km/h and 70 km/h, respectively. Oh et al. (2002) studied the speed-flow and the 
flow-occupancy relationship based on field data from two bridges and pointed out that the ratios 
of free flow speed reduction were observed 7% and 2% by snowy and rainy day time, 
respectively. Meanwhile, the ratios of speed reduction were 5% and 6% in snowy and rainy night, 
respectively.  
 
Kyte et al. (2001) reported the effects of visibility, road surface, precipitation, and wind speed on 
free-flow speed based on the field sensor data in two winter periods. The mean speed of 
passenger cars was 117 km/h, and the mean truck speed was 98.8 km/h in a normal condition 
that was without rain, dry road surface, visibility greater than 0.37 km, and wind speed less than 
16 km/h. For the mean speed of all vehicles, it was 109 km/h in a normal condition while a speed 
drop occurred in rainy weather. The vehicle speed dropped about 14-19.5 km/h and 31.6 km/h in 
light rain and heavy rain, respectively. 
 
There is a summary of freeway traffic flow reductions due to weather on FHWA’s road weather 
management program website (FHWA 2013). That is, on a freeway, the impact of rainy weather 






Besides the speed reduction of weather impacts on transportation, accidents induced by 
inclement weather also are stunning, especially in a windy day. Researchers agreed with the 
factors of skidding accidents, and the factors were dedicated into three categories: drivers’ 
behavior, roadway conditions and environment, and vehicle and its characteristics (Corsello 
1993).  
 
The cause of single-vehicle accidents can be very complicated: from a single primary reason 
such as a strong gust to the combination of several reasons such as weather conditions, vehicle 
conditions, road surface conditions, driver operational errors, etc. Thus, it is important to 
understand the performance of vehicles and driver behavior in hazardous driving environments. 
As an important category of vehicle accidents, single-vehicle non-collision accidents under 
adverse environmental and topographic conditions have not been studied sufficiently. The 
present study aims to demonstrate the feasibility of investigating the safety of vehicles during 
normal operations as well as emergencies through experimentally and numerically replicating the 
natural environments. An attempt was made to simulate the airflow field around the vehicle 
when subjected strong winds and obtain the wind forces of the vehicle driving through cross the 
winds. Based on the wind loads of the vehicle, driving simulator experiments were conducted to 
test both the vehicle performance and the driver’s reaction in adverse weather, such as strong 
winds and rain. This work may help understand and develop a single vehicle accident assessment 
framework in which accident risks will be assessed for vehicles.  
 
4.2. Wind effect 
This section is mainly to introduce the setups that have been included in considering the vehicle 
and drivers performance when driving through a strong crosswind. In preparing this work, 
several questions should be answered before the experiment conduction, such as what is the wind 
effect of the vehicle explored to. Thus, the following states the wind effect on the vehicle, 
scenarios, participants, and statistical analysis methods to detail the maneuver. 
 
For vehicle running on the freeway and subjecting to strong crosswind, high potential risks of 
single-vehicle accident are accompanying with the vehicle due to the large wind forces acting on 




key factors in the investigation of the vehicle and driver behavior. Vehicle aerodynamic force 
coefficients in this study have been predicted through computational fluid dynamic (CFD) in 
Chapter 3.  
 
In accordance with the simulator test scenarios, the vehicle is located on free-way road in an 
open area environment and moving through a crosswind. To conclude the mean aerodynamic 
forces on the vehicle, several numerical simulations were conducted with different vehicle 
velocities corresponding to different vehicle-wind yaw angle, which mimicked the real situation 
of vehicle subjecting to a constant strong crosswind. 
 
The vehicle type used to simulate the aerodynamic forces and moments is a passenger car that 
has similar configuration with the Ford Focus installed in the driving simulator lab at LSU. As it 
is known, the shape of the vehicle mainly determines the aerodynamic characteristics of the 
vehicle. Thus, a simplified three-dimensional geometry representing the fundamental 
characteristics of the flow is considered. The sedan geometry is 4.67 m long, 1.74 m wide, and 
1.46 m high by neglecting some details such as railings of the bridge, pavement boards of the 
road surface, mirrors, and windshield wipers on the vehicle. On the other hand, due to the effect 
of relative motion on the vehicle aerodynamic force, the dynamic mesh technology is introduced 
to simulate the relative motion between the vehicle and the road surface. The estimation method 
and procedure could be referred to Chapter 3. The time of the vehicle moving through the 
crosswind was set as 1 s and the times of the vehicle stayed statically before and after the vehicle 
motion were set as 0.5 s, respectively, which allowed the adequate development of the flow field 
around the vehicle. 
 
4.2.1. Mean aerodynamic coefficients of the vehicle 
In order to study the driver’s behavior and obtain the driver behavior rules under the crosswind, 
mean values of the wind forces and moments are considered in the next simulator tests for 
simplification of the complicated wind acting on the vehicle. Additionally, the situation that the 
vehicle encounters a constant wind speed for several seconds often happens in real driving 
experiences. Thus, the mean aerodynamic coefficient is adopted to describe the aerodynamic 




Mean aerodynamic coefficients of the sedan running on the open road under windy environment 




 with interval 
of 15
o
 and the mean aerodynamic coefficients of the sedan are predicted at five yaw angles as 
shown in Table 4.1. The variance of each coefficient is significant against the yaw angles. The 
mean drag force coefficient Cd decreases with the decrease of the yaw angle and reaches the 
minimum value at 90
o
. The mean lift force coefficient Cl increases first and then decreases, 
reaching the maximum value around the 60
o
 yaw angle. The mean side force coefficient Cs 
increases with the increase of yaw angle and reaches the maximum value at 90
o
. The mean value 
of the lift force coefficient is 0.4827 under the yaw angle of 90
o
 and increases to maximum with 
0.9549 and then decreases to minimum with 0.4047 and the mean value of the side force 
coefficient reduces to 1.7998 from 2.7966 with the yaw angle reduction by a percentage of 
around 36%. There is no general law for the moment coefficients against the yaw angles due to 
the complicated influencing factors such as different forces and points of force action. 
 
Table 4.1. The mean aerodynamic coefficients of the sedan in different yaw angels 
Yaw angle Cd Cl Cs Cr Cy Cp 
30
o 
0.4679 0.4047 1.7998 0.0330 0.2680 -0.0931 
45
o
 0.3924 0.6615 2.4251 0.0547 0.2802 -0.0649 
60
o
 0.1811 0.9549 2.6953 0.0597 0.1567 -0.0991 
75
o
 -0.0280 0.7311 2.7008 0.0003 0.0594 -0.0391 
90
o
 -0.0941 0.4827 2.7966 0.0652 -0.0221 0.0268 
 
4.2.2. Expressions aerodynamic coefficients 
Quasi-static wind forces and moments on vehicles are widely used in predicting wind forces of 
vehicles both in static situation and in running condition since a transient type of force equations 
for vehicles are not available. Based on the wind tunnel experiment results, Baker (1987) 
proposed the formulae of the aerodynamic force and moment coefficients of standard vehicles 




; these equations were in forms of the sine functions 
and exponential functions. In addition, Han et al. (2014) proposed the wind force coefficients 
formulae of the vehicle on the bridge by fitting the experimental data obtained from the previous 




same form of variation of the forces and moment coefficients with the yaw angle is valid for this 
sedan type, aerodynamic coefficients of a running sedan under crosswind are proposed through 
fitting the simulation results with the sine function of yaw angle as:    
For 0 ≤ 𝜑 ≤ 𝜋/2 
𝐶𝑑 = 0.1862 − 0.0543 ∗ 𝑐𝑜𝑠 (0.0559 ∗ 𝜑) + 0.2774 ∗ 𝑠𝑖𝑛(0.0559 ∗ 𝜑) Drag (4.1a) 
𝐶𝑙 = 0.6888 + 0.2537 ∗ 𝑐𝑜𝑠 (0.0995 ∗ 𝜑) − 0.0387 ∗ 𝑠𝑖𝑛(0.0995 ∗ 𝜑) Lift (4.1b) 
𝐶𝑠 = 2.813 ∗ 𝑠𝑖𝑛(0.0178 ∗ 𝜑 + 0.1808) Side (4.1c) 
𝐶𝑟 = 0.4376 − 0.0234 ∗ cos(0.161 ∗ 𝜑) + 0.198 ∗ 𝑠𝑖𝑛(0.1601 ∗ 𝜑) Rolling (4.1d) 
𝐶𝑦 = 0.1314 − 0.0753 ∗ 𝑐𝑜𝑠 (0.0564 ∗ 𝜑) + 0.1323 ∗ 𝑠𝑖𝑛(0.0564 ∗ 𝜑) Yawing (4.1e) 
𝐶𝑝 = 0.0952 ∗ 𝑠𝑖𝑛(0.0385 ∗ 𝜑 + 3.009) Pitching (4.1f) 
 
Figure 4.1 shows the force coefficients of the sedan against the yaw angle and the fitting curve 
based on these coefficients. It can be seen that the fitted curve lines using the equations proposed 
in this paper agrees well with the simulation results. 
 
 
Figure 4.1.  Aerodynamic coefficients against yaw angle 
 
4.2.3. Design of sustained winds and rainfall 
Wind speed of the hurricane Category II of the Saffir-Simpson Hurricane wind scale was 
selected to mimic the hurricane strong wind, which means the wind speed is 43-49 m/s. The 




unobstructed topography while the vehicle run on the road with about 1 m height. Thus, the log 






𝑧0⁄ )                                                      (4.2) 
where U1 is the wind speed at vehicle central line height; U2 is the wind speed at 10 m height; Z1 
is the vehicle central line height, and Z2 is 10 m here. In this study, the magnitude of 10 m/s, 20 
m/s, and 30 m/s were determined for the 1 m height wind speeds that correspond to 14.9-44.7 
m/s at 10 m height. The direction of the wind speed was always perpendicular to the centerline of 
the vehicle. To control the duration of the strong wind, time sensor module was used in the 
scenario creation in SimVista software. Time sensors generated continuous events at 
programmed points in time by modifying the time sensor properties of the object property dialog 
box. Three time windows were created for three wind speeds conditions. 
 
To investigate the effect of rainy weather on the vehicle performance, a rainy weather parameter 
was setup in the simulator environment file. The scenario projected on the front screen can 
illustrate the raindrop with a constant rainfall volume so that the driver can sense a rainy 
environment. In present study, light raindrops were set in the experiment to consider a situation 
of raining beginning period. On the vehicle characteristics, the influence of the wet road surface 
on the vehicle was exercised by setting a friction factor between the vehicle tire and the road 
surface. In accordance with the speed limit of the highway, 65 mph, and the road surface 
condition, the friction value of 0.5 and 1.0 were chosen for wet road surface and dry road surface 
under the supposition of worn tire condition (Robert Bosch GmbH 1996). 
 
4.3. Simulator setup 
The driving simulator at LSU provided drivers with a high fidelity virtual driving environment 
due to the combination of the full size passenger, image projectors, three large screens, audio 
system, and the software that generated scenarios and controlled vehicle dynamics. As shown in 
Figure 4.2, a full size sedan modeled after a Ford Focus car was installed in the middle of the lab 
and surrounded with large screens and audio systems. Multiple cameras were mounted in the 
sedan for observation of driver’s operations in the vehicle through the video collections.  One of 




common vehicle types and define the driving environment, such as different road types and 
different weather conditions. 
 
 
Figure 4.2.  LSU driving simulator system 
 
4.3.1. Modification of simulator 
The dynamics of the simulator itself can be modified by the application software that aims at 
dealing with graphical simulation and modeling system. A series of files were generated to 
control the complicated simulating processes and define the driving environment as well as 
vehicle characteristics. In the simulator test, an average size sedan was selected to be exposed to 
sustained wind. The dimensions of the sedan were set 4.6 m in length, 1.7m in width, and 1.25 m 
in height and the weight of the sedan is estimated as 1318 kg. JavaScript program was used to 
alter vehicle and scenario characteristics, especially for the wind effect. In other word, the wind 
forces in Equation (4.1) were inserted into the software to mimic the wind effect on the vehicle. 
The fact that the magnitude of the wind force was calculated based on the real time vehicle 




conditions, such as light rainfall drops and slid friction of the road surface, could be defined in 
the data file as well. 
 
With a sampling rate of 60 Hz, a bunch output files were generated for each simulator test 
containing a corresponding video clip and a data record on time. The data sheet consisted of 
simulation time, vehicle velocity, heading error, and trajectory offset, which were used to 
analyze the vehicle performance and driving behavior of participant for the experiment. 
 
4.3.2. Scenarios 
A rural freeway environment including road surface, side objects, such as trees, traffic signs and 
gas stations was built in the SimVista software that could vividly simulate driving surroundings 
and add or delete environmental elements conveniently. The route consisted of divided freeway 
was extending 10 miles straightly to provide adequate road length for vehicle completing the 
tests under a specific speed limit so that the driver had sufficient time to adjust the vehicle 
position. For the purpose of safety, the speed limit was set as 65 MPH and speed limit signs were 
installed every 2 miles. There was a stop sign placed 1.5 mile in advance the end of the freeway 
to indicate the stop of the driving test. On the other hand, the wind effects were simulated 
through adding vehicle aerodynamic forces and moments on the vehicle when the time sensor 
triggered. Time sensor generates continuous evens at programmed points in time and could be 
used to control the duration of the wind effect. Installation of a time sensors and notion of a start 
time and a stop time making an event can be created at any specific time. Thus, the arrangement 
of time scenarios combining with wind forces could be used to mimic a simple environment 
window of wind effects.  
 
Four scenarios were created to investigate the vehicle and driver performance in different days 
and different adverse weather as showing in Table 4.2. The first scenario is as simple as installed 
only time sensor to define a single constant-speed-wind (CSW) effect. The wind speed and 
duration were set as 30m/s and 40s, respectively, in consideration of moderate strong wind and 
adequate adjusting and driving time for drivers. The second scenario was with changed weather 
condition based on the scenario one, in which raindrops were simulated and the fraction of road 




speeds on the driving performances, scenario three contained multiple CSW period, in which 
three different constant wind speed of 10m/s 20m/s and, 30m/s were installed acting a period of 
20s for each. In other word, drivers were subjected wind hitting under constant wind speed of 
10m/s, 20 m/s, and 30 m/s separately with interval of 20 s when driving under scenario three. 
Similar to the second scenario, the last scenario 4 was with added rain based on the first scenario. 
All scenarios were set in day time.  
Table 4.2. Four test scenarios 
Scenario Cloudy  weather Rainy weather 
Single CSW Scenario 1 Scenario 2 
Multiple CSW Scenario 3 Scenario 4 
 
4.3.3. Participants 
Participants were recruited through an advertisement on the engineering building of LSU and 
required to hold full driver licenses (i.e., not permit holder or restricted licenses) and have 
normal vision or corrected to normal vision. Twenty-seven participants took part in the simulator 
tests but two participants stopped because of simulator sickness, leaving a 25-participant group 
consisting with 10 females and 15 males. The driving frequency of participants is moderate, 
which means almost half of the participants driving almost every day, 32% driving a few times 
per week, and 20% driving a few times per month. The age range of the participants was from 22 
to 53 years old with an average of 30.3 years. Upon their arrival in the laboratory, each 
participant was briefed on the experimental setting and their rights. Participants might choose to 
participate in or withdraw from the experiment at any time without penalty or loss of any benefit. 
In addition, they were encouraged to stop whenever they felt slight discomfort during the test. 
Participant’s identity was confidential and no names were collected.  
 
4.3.4. Experiment procedure 
The test consisted of four stages and lasted approximately twenty minutes each test. The first part 
was the introduction in which participants were briefed on the experiment and asked to sign the 
consent sheet. Participants were then asked to randomly arrange a selection of cards to determine 
the order of the two weather conditions they were tested on. The second stage was the training 




adapted to the controls and displays of the vehicle. In the next part, the test stage, drivers were 
asked to drive in the right lane throughout the tests. In each wind condition, the vehicle was 
exposed to several 90
0
-winds, and the wind force was applied on the vehicle based on the vehicle 
velocity. In both non-rainy and rainy weather conditions, the test phase normally lasted three 
minutes. After driving through the first weather condition, drivers were asked to stop at the stop 
sign, and then the test repeated under the second weather condition. The final part consisted of 
answering a short questionnaire. Questions included personal information such as age and 
driving frequency. Other information obtained included qualitative assessment of the 
participant’s experience during the experiment.  
 
4.3.5. Selected variables 
To investigate the driver reaction when driving through strong wind, five variables were selected 
to demonstrate the vehicle-driver system performances. The lateral displacement caused by the 
strong wind as well as the heading error were considered as the vehicle performance; while the 
steering wheel angle and driver reaction time were targeted as the driver’s reaction. In addition, 
the vehicle speed was in consideration. Definitions of the five variables are described as below. 
 
4.3.5.1. Lateral displacement and heading yaw angle 
The lane offset was defined as the lateral displacement between the longitudinal central lines of 
the vehicle in the initial status and in the motion status shown in Figure 4.3. This variable gave 
an indication of the level of lateral control that a participant has over the vehicle. A larger 
absolute value of lane offset indicated less lateral control of the driver and vice versa. In Figure 
4.3, the heading yaw angle indicated the vehicle moving direction deviation about the vehicle 





Figure 4.3.   Definition of the lateral displacement and head yaw of the vehicle 
 
4.3.5.2. Vehicle speed 
SimObserver software was used to record the response of the vehicle at frequency of 60 Hz, such 
as the position of the steering wheel, vehicle speed, etc. Table 4.3 presents a truncated table of 
output data sheet.  
Table 4.3. Truncated data sheet collected by SimObserver 
Simulation time Lane Offset Steering angle 
Longitudinal 
Velocity 
83.3905 -0.04857 1.841493 29.98281 
83.4072 -0.0505 1.905259 29.983 
83.4239 -0.05239 1.951385 29.98318 
83.4406 -0.05424 1.97789 29.98336 
83.4572 -0.05605 1.989425 29.98354 
83.4739 -0.05781 1.988349 29.98372 
83.4906 -0.05952 1.976696 29.98394 
83.5073 -0.06119 1.962053 29.98419 
83.524 -0.06281 1.944494 29.98448 
83.5407 -0.06439 1.915537 29.98477 













4.3.5.3. Driver reaction time and steering wheel angle 
The driver’s proper operation stops the vehicle sideslip from increasing lateral displacement, 
thus the driver’s correction behavior happens during the vehicle side slipping. From the vehicle 
trajectory, it is hard to distinguish the driver’s reaction time because the vehicle keeps slipping 
for a little while after the heading error correction. However, video records can be used to help 
recognize the driver’s reaction in this study. Cameras installed in the car cab recorded the 
driver’s behavior during every driving procedure including how the driver turn the steering 
wheel and pushed brake and gas pedals. Reviews on video records find that the driver turned the 
steering wheel while the vehicle course deviating, and there is an obvious turn of the steering 
wheel under the driver behavior. Figure 4.4 shows the relative steering wheel angles under the 
driver’s manipulation in different points of time and reveals the driver’s behavior when 
encountering strong wind. There are two red lines in assistance to observe the steering wheel 
angles; one is to stand for the steering wheel and another represents the dashboard of the vehicle. 
Figure 4.4(a) is captured from the video record at 50 s when the strong wind forces were applied 
on the vehicle. At that time, the driver was considered keeping regular driving without sudden 
operation due to the two red lines were almost parallel. At time of 50.815 s, as shown in Figure 
4.4(b), the relative angle between the two red lines was changed suddenly, which means the 
driver tried to turn the steering wheel to correct the vehicle trajectory. During the strong wind 
period, the driver had to turn a certain steering wheel angle to keep the vehicle from course 
deviation, as shown in Figure 4.4(c). The driver’s manipulation applied on the steering wheel 
was recorded in the form of steering wheel angle. This variable gives an indication of the 






(a) T=50.000 s 
 
(b) T=50.815 s 
 
(c) T=52.015 s 




4.3.6. Statistical analysis 
Vehicle feature data were continuously recorded at a frequency of 60 Hz for all drive tests across 
the three wind speed situations and two weather conditions. In order to determine the impact of 
wind on driver behavior and vehicle performance compared to the clear condition, dependent 
variables were selected and statistical analysis was performed. Multivariate analysis of variance 
(MANOVA) is simply an ANOVA (analysis of variance) with several dependent variables and 
tests for the difference in two or more vectors of means. In this study, multiple dependent 
variables were investigated under several scenario cases, in which, a repeated-measure ANOVA 
was selected as the statistical analysis tool. Before performing repeated-measure ANOVA, all 
data used in the statistical analysis were subjected to the Kolmogorov-Smirnov goodness-of-fit 
test, which showed that all data were normally distributed. A pare-wise post hoc analysis was 
carried out with planned comparison. The threshold for statistical significance was set at 0.01. 
 
4.4. Results and discussion 
The simulator experiments were divided into two parts in accordance with the two different wind 
types in both cloudy and rainy weather. A single-drive test based on scenrio1 and scenario 2 in 
Table 4.2 (single CSW with and without rain) was conducted to investigate the repeatability and 
operation stability of the driver behavior under a same wind circumstance. Due to the 
requirement of multiple days for this test, a recruitment of only one driver who can share half an 
hour every test day for random ten days in a month was adopted. The second part named as 
group-driver test was on purpose to investigate the performance of vehicle and human under 
scenario 3 and 4 from Table 4.2 (multiple CSW with and without rain), and a group drivers were 
recruited and involved in this test. 
 
4.4.1. Single-driver test 
Most drivers behave differently when encountering similar environments, even under an exact 
same case. In other words, the operation stability and the repeatability of a driver should be 
investigated before concluding the driver behavior under inclement weather. This single-driver 
test was aimed on the performance of the vehicle and the behavior of each driver when subjected 
to the same scenario in different days. The only tester who has 4 years driving experience drove 




ten times in a month. Driver’s behaviors on the same environmental condition were focused on 
and analyzed in the following section.  
 
4.4.1.1. Time history 
In this section, a typical recorded result of cloudy day is used to demonstrate the time history of 
vehicle performance and driver reaction, in which lateral displacement, heading yaw, vehicle 
velocity, and steering wheel angle were abstracted and plot in Figure 4.5. Besides the selected 
variables, Figure 4.5 presents the time history of the wind condition as well that was a single 
CSW environment for a time period of 40 seconds. Generally speaking, the four selected variable 
were slightly changed under the wind environment compared with a no wind case.  
 
From the time history of the vehicle lateral displacement, it can be seen that the lateral positon of 
the vehicle shifted along with the wind direction when encountered the crosswind, and slightly 
switched against the wind direction. Finally, the vehicle turned back gradually to the normal 
trajectory after disappearance of the crosswind. In other words, the directions of lane offset are 
corresponding to the wind directions. For an example, when the crosswind blew from vehicle’s 
right side to the left side, the vehicle trajectory off occurs on the left side of the longitudinal 
central line of the vehicle.  
 
Unlike heading yaw angle changing little under no wind effect, yaw angle fluttered around zero 
frequently under the wind effect, which meant the heading direction of vehicle changed frequent 
between right side and left side of the vehicle. In addition, the amplitude of the heading yaw 
angle under the wind was larger than that without wind. It was reasonable for the vehicle 
changing the heading direction frequently with larger amplitude since the vehicle resisted the 
wind push and maintained driving straightly along the road when running through crosswind. 
Obviously, the driver decreased the vehicle velocity due to the sudden hit by crosswind, which 
can be figured out from the time history of vehicle velocity easily. For the driver subjected to the 
crosswind, the increased control difficulty of the vehicle distracted him/her from keeping vehicle 






Similar with the lateral displacement, the steering wheel angle was significantly affected by the 
wind action and its time history showed a fluctuation around a value that was larger than the one 
without wind effect. At the beginning of wind action, the adjusted amplitude of steering angle is 
larger than that of other wind acting time, which is reasonable since the driver strived to correct 
the vehicle direction and make compensation of the lateral displacement in purpose of resisting 
the wind acting. With the driver become conformance with wind environment, the time history 
of the steering angle shows frequency fluctuation. The head yaw and driver steering have similar 
frequency under wind condition by comparing with the time history curve. That is because the 
vehicle heading direction was mainly controlled by the driver other than the wind. Thus the 
vehicle can run safely in the crosswind. 
 
 
Figure 4.5. Time History of selected variables 
 
4.4.1.2. Mean values 
Eliminating the beginning and end effect of the wind, a regular performance of vehicle and 
driver were selected as the study target. Exactly, variables were chosen from the middle 10 s of 
the test duration at a frequency of 60 Hz in every daily test. Mean values and standard deviation 
of four variables, lateral displacement, heading yaw, vehicle velocity and steering wheel angle, 









































were obtained for each day and listed in Table 4.4. The absolute values of lateral displacement, 
heading yaw, vehicle velocity and driver steering wheel angles were around 0.3m, 0.35 degree, 
26 m/s, and 12 degrees.  
 










Mean SD Mean SD Mean SD Mean SD 
D1 -0.3051 0.2351 -0.4088 0.7062 23.9618 0.2790 12.4297 3.5317 
D2 -0.0404 0.2137 -0.3328 0.6847 25.1452 0.6320 12.4874 2.9613 
D3 -0.4001 0.1080 -0.3671 0.3300 23.8354 0.7590 12.2232 1.8974 
D4 -0.2429 0.0970 -0.3536 0.3137 26.0096 0.3546 11.8404 1.6992 
D5 -0.3152 0.1650 -0.4138 0.4144 26.1595 0.8244 12.4473 1.5142 
D6 -0.1628 0.0729 -0.3465 0.1450 24.0081 0.2395 11.9401 0.4564 
D7 -0.1948 0.0947 -0.3729 0.2659 25.6611 1.3266 12.6331 1.0257 
D8 -0.2960 0.1573 -0.4496 0.5083 27.7535 1.2767 13.1991 2.7851 
D9 -0.4342 0.1101 -0.4089 0.2802 26.8017 0.5252 12.7899 1.4055 
D10 -0.3034 0.1141 -0.3879 0.1578 27.0312 0.5916 12.9320 0.4943 
 
To demonstrate the variation of the mean values in ten days, Figure 4.6 plots the means and 
standard deviations of the four variables, respectively. It can be seen, the means of vehicle 
heading yaw and driver steering angle varied slightly in different days while the means of the 
lateral displacement and vehicle velocity changed day by day. The lateral displacement recorded 
the distance between the vehicle center gravity and the middle line of the driveway. Thus, the 
lateral displacement was influenced by not only the horizontal wind force but also the original 
vehicle position. The vehicle could be with different lateral position when subjected the 
crosswind. That’s why the displacement showed differently in each day from Figure 4.6. On the 
other side, all means of lateral displacement were negative values, which mean the lateral 
displacement happened to windward side and affected mainly by the wind direction. For the 
vehicle velocity, this variable varies for different days, which may mainly rely on the initial 
vehicle velocity before the wind hitting. The discrepancy of means of the yaw angle and steering 




the windy environment, the vehicle head was blown along the wind direction by the wind force. 
Under action of constant wind force, the vehicle heading yaw fluctuated around a specific value 
that was determined by the wind force.  In the ten test days, the vehicle was flapped by a same 
constant wind force and the mean value of heading yaw performed similarly. That’s the reason 
why the means of heading yaw were similar in ten test days. Vehicle direction had to be 
corrected in order to go straightly and avoid getting off the road. Thus, the driver’s operation of 
certain steering angle was applied against the vehicle heading yaw and the means of steering 




Figure 4.6. Means and standard deviations of four variables in windy environment. 
 


















































4.4.1.3. Weather impact 
The weather effect means the wind blew on the vehicle with and without rainfalls. The means of 
lateral displacement, head yaw, vehicle velocity and steering wheel angle under both only-windy 
and windy-rainy weather were obtained. Analysis of variance (ANOVA) was conducted for four 
variables to investigate the weather impact on the vehicle performance and driver reaction. That 
is, the comparison was made between the means obtained under only windy weather and under 
windy-rainy weather in all test days. The means of the four variables in only-windy and windy-
rainy weathers and the ANOVA results in the ten test days are listed in Table 4.5. 
 
It can be seen, P-value, the level of marginal significance within a statistical hypothesis, of the 
lateral displacement is larger than 0.01, which means the rain had insignificant effect on vehicle 
lateral displacement when subjecting to crosswinds. Through comparison between the means of 
lateral displacement under the weather conditions, a conclusion can be made that the means of 
the lateral displacement in only windy weather has little difference with the ones in windy-rainy 
weather in these test days, which is supported by statistic results as well (P-value=0.0569>0.01). 
In other words, the rain on the road surface and the variation of tire frictions does not affect the 
mean lateral displacement substantially, which may be induced by the little raining volume and 
the limited test times in the experiments. 
 
The P-values of vehicle heading yaw exceed the throttle value, 0.01. Therefore, a conclusion 
could be made that the vehicle heading yaw in only windy weather was not significant different 
from the windy-rainy weather for the ten test days. The wind force changed the horizontal action 
of the vehicle in both windy and windy-rainy weathers, and the driver made proper correction of 
the heading direction so that keep the heading yaw in an acceptable range according to the 
driver’s driving experience. Thus, the vehicle heading yaw was mainly influenced by the wind 
other than the rain.  
 
The vehicle velocity shows significant difference between the two different weathers.  The 
vehicle velocity in windy-rainy weather was faster than in windy weather. Actually, the driver 
controlling the vehicle speed relies on the driver’s experience to the driving environment. In each 




weather, which increased the driver’s comfort in test duration. Thus, the driver’s experience also 
contributed the difference of vehicle velocity between two different weather conditions.  
 
On the other hand, the P-values of the velocity and steer angle were less than 0.01, which means 
the rain impacts these two variables significantly. For the driver steer angle, the obvious 
discrepancy between the two weathers may be caused by different tire frictions, since the road 
surface with a lower friction needs more driver’s caution and operation to drive through. 
Although statistical analysis based on the daily mean values, for the heading yaw and vehicle 
velocity, the results and conclusion conform to the daily sample statistical analysis results. 
 






Heading yaw (deg) Vehicle speed (m/s) Steer angle (deg) 
W W+R W W+R W W+R W W+R 
Day 1 -0.3051 -0.4877 -0.4088 -0.4145 23.9618 30.9651 12.4297 13.8124 
Day 2 -0.0404 -0.4648 -0.3328 -0.4182 25.1452 30.6410 12.4874 14.3362 
Day 3 -0.4001 -0.5093 -0.3671 -0.4529 23.8354 31.3404 12.2232 15.1808 
Day 4 -0.2429 -0.3122 -0.3536 -0.4100 26.0096 30.7056 11.8404 14.2080 
Day 5 -0.3152 -0.3618 -0.4138 -0.5272 26.1595 31.6537 12.4473 14.6276 
Day 6 -0.1628 -0.2119 -0.3465 -0.4517 24.0081 30.8080 11.9401 13.6808 
Day 7 -0.1948 -0.3833 -0.3729 -0.3981 25.6611 30.7648 12.6331 13.9895 
Day 8 -0.2960 -0.2860 -0.4496 -0.4381 27.7535 30.8348 13.1991 13.8865 
Day 9 -0.4342 -0.3320 -0.4089 -0.3019 26.8017 30.3784 12.7899 12.9018 
Day 10 -0.3034 -0.3015 -0.3879 -0.4294 27.0312 32.4925 12.9320 14.4504 
Mean -0.27 -0.37 -0.38 -0.42 25.64 31.06 12.49 14.11 
Std 0.12 0.10 0.04 0.06 1.38 0.62 0.42 0.61 
P-value 0.0569 0.0744 <0.01 <0.01 
 
The weather influence on the driver reaction time was been studied as well. As defined in section 
3.5.3, the driver’s reaction time reflects the delay time between the starting time of wind action 
and the starting time when the driver compensates the course deviation and heading error. There 




on the vehicle impacts the vision of the drivers; in other words, heavy rain may weaken the 
drivers’ view sight when driving and vice versa. The reaction time also depends on the driver’s 
health and mental conditions as well as the external environments in the test days.  
 
Table 4.6 shows the reaction times of the driver who took the single-driver test. In the ten tests 
days, the driver reacted to the strong wind in less than 1.5 second in both only-windy days and 
windy-rainy days. The reaction time ranges from 0.5813 s to 0.7646 s under the only windy 
condition, and ranges from 0.5817 s to 1.3480 s in the windy-rainy weather. The mean reaction 
time is around 0.7 s in both inclement weather conditions. In addition, there is no serious 
evidence to conclude that the rain has a significantly effect on the driver’s reaction time (P-
value>0.01), which may be caused by the low density of rain falling. In other words, the driver 
reacted to the strong crosswind in light rain weather as soon as in windy weather, and was not 
influenced by light rains significantly. 
 
Table 4.6. Reaction time of each driver (unit: s) 
Test Day 
Driver 1 
Windy Windy + Rainy 
Day 1 0.7646 0.5984 
Day 2 0.6146 0.74840 
Day 3 0.6980 1.3480 
Day 4 0.5813 0.6650 
Day 5 0.6646 0.7317 
Day 6 0.6980 0.6484 
Day 7 0.6313 0.5817 
Day 8 0.6480 1.0817 
Day 9 0.6646 0.5984 
Day 10 0.6146 0.8150 
Mean reaction time 0.6580 0.7817 






4.4.1.4. Data repeatability 
The single driver test was conducted in the ten test days aiming on the repeatability of the 
vehicle performance and driver behavior, which requires the driver taking the test in ten different 
days. Thus, the experiment was repeated in different discontinuous days spanning a month. 
During the daily experiment, data sheets were saved ten times as samples for that day. The four 
variables, lateral displacement, heading yaw, vehicle speed, and driver steer angle, were used for 
the statistical analysis to reflect variable repeatability in different days.  
 
Table 4.7 lists the repeated-measures ANOVA results that reveal the different day effects on the 
four variables in the only windy weather. It can be seen, both P-values of the heading yaw and 
steer angle are larger than 0.01, which indicates that there's no difference between the means of 
these variables. In other word, the vehicle and driver perform consistent when subjected to 
crosswind no matter in which day.  
 
Table 4.7. Statistic results of repeatability in only windy weather 
Variables Lateral displacement Heading yaw Vehicle velocity Steer angle 
P-value <0.01 0.9999 <0.01 0.9137 
 
In purpose of determining which day make a difference on the performance of the lateral 
displacement and vehicle velocity and eliminating the effect of outlier, multiple comparison tests 
were performed for lateral displacement and vehicle velocity. For the lateral displacement, the 
means in day 2 and day 9 are significantly different from other days. Then, the ANOVA was 
conducted again without day 2 and day 9 and the result of P-value is larger than 0.01, which 
means the lateral displacement is not influenced by the different days with significance level of 
0.01. In other word, there is no strong confidence to conclude the mean of lateral displacement 
has significant difference in the 8 test days and the repeatability of lateral displacement mean is 
true.  However, the means of vehicle velocity could not conclude similarly with those of lateral 
displacement, because of no apparent evidence indicating reasons of significant difference. 
 
Similarly, the repeated-measures ANOVA was conducted in the windy-rainy weather as well in 




windy-rainy weather. Table 4.8 presents the ANOVA results. When running through windy-
rainy weather environment, the vehicle performance of heading yaw and driver steer angle input 
were not different in different days, which was supported by the P-value of larger than 0.05. In 
other word, the driver’s behavior was consistent in the windy-rainy weather, and the different 
test day did not contribute to influence on the vehicle heading yaw and driver’s performance. 
The mean of lateral displacement was different in the ten test days with P-value of 0.02, which 
means the test day affected the lateral displacement of vehicle running in windy rainy weather. 
However, the means of lateral displacement had an acceptable repeatability across the ten test 
days when considering a significance level of 0.01, and the test day did not influence its means 
strictly. On the other hand, for the vehicle velocity, the small P-value of about 0 is a strong 
indication that the mean vehicle velocity was significantly different across the ten test days under 
windy-rainy weather conditions. In summary, through statistical analyses, the vehicle lateral 
displacement, heading yaw and driver steer angle were not impacted by the different test days, 
while the vehicle velocity was significantly influenced by the different day in both only-windy 
and windy-rainy weathers. 
 
Table 4.8. Statistic results of repeatability in windy-rainy weather 
Variables Lateral displacement Heading yaw Vehicle velocity Steer angle 
P-value 0.0210 0.9992 <0.01 0.9010 
 
4.4.2. Group-driver test 
Driver reactions to a certain event are different through a difference of human individual 
character. Thus, the driver behavior and vehicle performance in the windy environment were 
studied through multiple driver tests in this section. In order to investigate the difference of the 
driver reaction to three wind environment conditions, a total of 24 participants were recruited to 
drive the vehicle through strong crosswind with 3 constant speed wind (CSW) zones in both no 
rain weather and rainy weather.  The first group of 12 drivers took only windy condition test, and 
the other 12 drivers took windy-rainy condition test. However, only ten-driver tests were 
accepted due to other two drivers hit on the guard rail and stopped before complete the test for 





4.4.2.1. Time history 
In the group driver test, a constant wind speed of 10 m/s, 20 m/s, and 30 m/s blew for 20 s, 
respectively with an interval of 20 s. Figure 4.7 presents a time history of selected variables, the 
lateral displacement, vehicle head yaw angle, and steering wheel angle, recorded for all drivers 
driving under crosswind environment without rainfalls. It can be seen that the vehicle and drivers 
performed consistently and the time history curves of selected variables have significant 
fluctuation in three wind zones. Furthermore, the amplitude of curves fluctuation of lateral 
displacement and driver steer angle increased with the increase of the wind speed. In this study, 
when the vehicle was running through three wind zones, the vehicle presented largest lateral 
displacement in the 30 m/s wind zone and smallest lateral displacement in the 10 m/s wind zone. 
Similarly, for the driver steering wheel angle, the driver made a bigger turn in the 30 m/s wind 
zone than in the 10 m/s wind zone. For the head yaw angle, vehicle heading direction was 
deviated sharply at the beginning of wind action, and then swung with small amplitudes around 
the supposed driving direction that was parallel with the road central line. This fact reflects the 
combined action of the driver and wind. The wind hit the vehicle and pushed the vehicle 
deviating from the vehicle central line, and then the driver reacted to make compensation of the 
lateral displacement and direction error so that the heading yaw went back to small and vehicle 
was running in the road line and the driver controlled the vehicle properly.  From the time history 
of vehicle velocity, the three wind conditions did not affect the vehicle velocity evidently. All 
drivers did not release the gas pedal and reduce the vehicle velocity when subjected to crosswind, 
which was determined by the driver’s experience.  
 
 
Figure 4.7. Time history  of four variables in group test 
 
 

















































































































































































The above time history can be divided into a changing wind period and constant wind period. 
The changing periods were considered 12 s and consisted of 2 s without wind and 10 s with wind. 
The constant wind periods were right following the changing period and considered 8 s to 
exclude the effect of wind speed back to zero. The wind speed changes from zero to 10 m/s, 20 
m/s, and 30 m/s abruptly at 40s, 100 s, and 120 s, separately. Thus, the changing periods were 
from 38s to 50s, 78 s to 90 s, and 118 s to 130 s for wind speed changed from zero to 10 m/s, 20 
m/s, and 30 m/s, respectively. The constant periods were chosen as 50 s to 58 s, 90 s to 98 s, and 
130 s to 138 s for wind speed10 m/s, 20 m/s, and 30 m/s, respectively. The time history of the 
lateral displacement, vehicle yaw angle and steering wheel angle were presented in Figure 4.8 
and Figure 4.9 under changing wind periods and constant wind periods. From Figure 4.8 it can 
be seen that the absolute value of the three variables jumped at the wind adding time sharply for 
the three wind speeds. It was reasonable due to the force distribution variation on the vehicle 
surface. In general, the lateral displacement, head yaw angle and steering wheel angle reacted to 
the wind and turned to normal in about six seconds, which means the first six seconds were the 
high risk time and the drivers could adjust to the wind environment in six seconds. After the 
adjusting period of the wind change, the vehicle and drivers performed constantly as similar to 
the no wind conditions, which can be seen from Figure 4.9. Under the three wind speed 
conditions, the vehicle deviated around the road central line laterally, and head swung about the 
supposed driving direction as well during the vehicle running throughout the constant wind 
speed zones.  
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Figure 4.9. Time history  selected variables in constant wind periods 
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Maximum absolute values of the three variables in the three wind speed conditions were 
abstracted and listed in Table 4.9. It can be seen, in the constant wind speed cases, the lateral 
displacement and yaw angle decreased with the increase of wind speeds while the steering wheel 
angle increased with the increase of wind speeds. The reason why displacement and yaw angle 
decreased was that the driver drove through 10 m/s wind zone first and got experience of 
controlling vehicle under wind conditions with the vehicle moving forward properly. The fact 
that the increasing steering wheel angle along the increased wind speed reflects the drivers have 
to apply bigger moment to resist the stronger crosswind. In the wind speed changing period, the 
trends of vehicle performance and driver reaction were not obvious according to the maximum 
absolute values of the three variables. 
 
Table 4.9. Maximum absolute value of three variables 
Wind conditions 
10 m/s 20 m/s 30 m/s 
Changing Constant Changing Constant Changing Constant 
Lateral Displacement (m) 0.8012 1.1648 1.3502 0.5766 1.9654 0.5028 
Head Yaw Angle (degree) 3.8612 2.3535 3.3419 2.1467 4.4030 1.8814 
Steering Wheel Angle 
(degree) 
24.0960 9.0382 22.9526 13.2437 30.4274 15.1056 
 
4.4.2.2. Wind speed effect 
Besides the time history of the vehicle performance, the means and standard deviations of the 
lateral displacement, yaw angle, steering wheel angle and driver reaction time were studied as 
well. The means and deviations are calculated on the group test results in the constant wind 
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period under each wind speed since the driver reactions in the wind changing period varies a lot. 
Figure 4.10 plots the means and deviations of the vehicle lateral displacement, heading yaw 
angle, steering wheel angle, and the driver reaction time in different wind speed environments 
without rains. For the means, the absolute lateral displacement of the vehicle and the driver 
wheel steer angle increase with the increasing wind speeds. In other words, the stronger wind 
induces larger vehicle lateral displacement and requires greater driver steer angle inputs. The 
wind speed influences the vehicle heading yaw and vehicle velocity without a regular pattern. 
The vehicle heading yaw angle turns to negative under the crosswind, which indicates the 
vehicle was prone to head along with the wind direction. 
 
For the standard deviation, the lateral displacement fluctuated around the mean value with large 
deviations of 0.3765, 0.34722, 0.2871, and 0.2877 in no wind, 10 m/s, 20 m/s, and 30 m/s wind 
environments, respectively. Similar with the lateral deviation, the scatted distribution of head 
yaw angles from each test indicated the wind forces on the vehicle impacted the vehicle 
performance evidently in different wind speed conditions. The steering wheel angle displays a 
small deviation in no wind condition, compared to windy conditions. In other words, the strong 
wind action needs the driver’s frequency and big amplitude adjustment on the steering wheel. 
However, the steer angle deviation did not vary too much between the three wind speeds, and the 
magnitude of crosswind speeds slightly influenced the steering wheel adjusting amplitude. In 
summary, the increasing lateral displacement, the larger driver steering amplitude, and the 
frequency changing of heading direction indicated an increasing control difficulty with the 
increasing wind speed. The standard deviations of the driver reaction time vary slightly in 
different wind speed conditions, which indicate the time of driver reacting to the crosswinds in 
different time ranges. However, all the drivers’ reaction time is in a range of 0.21 s to 0.46 s in 







Figure 4.10. Variables mean and standard deviation 
 
A wind speed effect considered the wind forces acting on the vehicle performance without any 
other inclement environmental impacts. The vehicle and driver performance without wind and 
with wind actions were collected including lateral displacement, heading yaw, driver steering 
wheel angle, and driver reaction time. Repeated one-way ANOVA was conducted between three 
different wind speed circumstances. The results of four variables are listed in Table 4.10. The 
vehicle heading yaw and driver reaction time had no significant different means under different 
wind conditions, which is supported by the P-values of 0.0791, and 0.3063, respectively. 
However, vehicle lateral displacement and steering wheel angle were influenced by the wind 
speed significantly [p<0.001].  
 
 














































Table 4.10. One-way ANOVA results in different wind speed circumstance 
Variables Lateral Displacement Yaw Angle Steering Wheel Angle Reaction Time 
P-value 0.0004 0.0791 0.0000 0.3063 
 
Multiple comparisons were applied between the four wind conditions. The results show that the 
mean steering wheel angles increase with the increasing wind speed. In other words, the drivers 
have to adjust the steering wheel with larger amplitude to compensate stronger crosswind effects. 
For the lateral displacement, the means without wind is significantly less than in wind conditions, 
and the means in 10 m/s, 20 m/s, and 30 m/s have not significant difference between each other. 
The significant difference between wind and no-wind conditions and the insignificant difference 
between different wind speeds reveal that the wind actions influence the vehicle lateral 
displacement; however, the lateral displacement did not change much with the changes of wind 
speeds. 
 
4.4.2.3. Weather effect 
In this section, each driver drove through three crosswind zones with three different wind speeds 
in both windy and windy-rainy weather. Weather effects on the vehicle and driver performance 
means here effects due to rainy environment and strong crosswind with multiple speeds. Thus, 
Multiple Analysis of Variance (MANOVA) was applied to investigate the behaviors of vehicle 
and drivers. MANOVA measures “weather” (rainy and no rain conditions) × “wind speed 
conditions” (0 m/s, 10 m/s, 20m/s and 30m/s conditions).  All the intersections are significant 
because the wind speed effects are significant as discussed in 4.2.2. To investigate the rainfall 
impact on the vehicle and driver when subjecting to different speed crosswinds, a series of 
repeated ANOVA measures were conducted to test the effect of rains on the vehicle and drivers 
and the results are listed in Table 4.11. From Table 4.11, all P-values were larger than 0.01, 
which means no significant difference between the means of variables in both windy and windy-
rainy situations. In other words, when vehicle running in crosswind, the rainfalls did 
insignificantly affect the driver steering wheel angle， vehicle lateral displacement, heading yaw, 



































4.4.3. Regression model of steering wheel angle 
Drivers control the vehicle safely by adjusting the steering wheel angle, brake pedal angle 
properly and reacting to adverse situation in time. To consider the driver’s behavior on the 
vehicle performance when subjected to crosswinds, the steering wheel angle operated by the 
driver was studied and then the tire steering angle for the vehicle mechanic system can be 
obtained by the steer transit system of the vehicle (Abe 2015).  In this section, a regression 
model of the driver steering wheel angle was developed based on the experimental data without 
considering the brake pedal status and the driver’s reaction time. 
 
Driver behavior is mainly influenced by the vehicle performance. For example, the driver would 
push the brake pedal and turn the steering wheel when encountered emergency situation. 




al., 2000; Chen and Cai, 2004) , the vehicle performance of yaw angle, lateral displacement, 
lateral velocity, roll, and tire slip angles were abstracted to investigate the driver operation of 
steering wheel in this study. Firstly, the correlation coefficients between these variables and 
steering wheel angle were calculated for all drivers in three different wind speeds. Then, the 
means and standard deviations of the correlation coefficients were obtained and demonstrated in 
Table 4.12. 
 
From Table 4.12, in the three wind speed conditions, the means of correlation coefficients of all 
drivers for the vehicle lateral displacement, lateral velocity, and roll are larger than 0.5 while 
yaw angle is less than 0.5. Since the lateral displacement, lateral velocity, and roll have stronger 
correlations with the driver steer operation than the yaw angle, the driver behavior model should 
be regressed based on the lateral displacement and lateral velocity. This assumption is similar 
with the Baker’s driver model, which considers the vehicle response of lateral displacement and 
lateral velocity other than yaw angle.  Thus, the driver steering wheel angle model is presented 
with the vehicle lateral displacement, lateral velocity, and roll, which considered more factors 
than the Baker’s driver behavior model (Baker, 1994). However, the yaw angle suggested by 
Chen and Cai (2004), and Sharp et al. (2000) is excluded according to the correlation coefficients 
of variables in the present study. This weak correlation between the yaw and steering wheel 
angle may be induced by the interference of the lateral displacement and lateral velocity on the 
driver front view and heading prediction, which decreases the influence of the yaw angle on the 
driver’s intuitional judgment. In other words, the effect of the lateral displacement and lateral 
velocity represents the yaw angle influence in a great extent. On the other hand, the introduction 
of the roll makes the vehicle rollover stability considered in the driver’s reaction to the 
crosswinds, which reflects the driver is trying to avoid the vehicle rollover accidents when 
driving in crosswinds. The additional consideration of the vehicle roll made the driver behavior 









Table 4.12. Means and standard deviations of correlation coefficients for steering wheel angle 
Wind speeds 
10 m/s 20 m/s 30 m/s 
mean std mean std mean std 
Yaw 0.1428 0.1155 0.1188 0.1040 0.1431 0.1133 
Lateral displacement 0.7186 0.1542 0.6324 0.2291 0.5745 0.2428 
Lateral velocity 0.7112 0.1617 0.7341 0.1405 0.7209 0.1160 
Roll 0.8902 0.0625 0.8834 0.0669 0.8801 0.0499 
 
Due to the difficulty to predict the driver behavior at very first beginning of subjecting to 
crosswind, a linear regression model of steering wheel angle is developed based on the vehicle 
performance during the constant wind periods for different wind speeds. In this study, the 
regression equation for the steering wheel angle is: 
𝛼 = 𝑎 + 𝑏𝑦 + 𝑐?̇? + 𝑑𝑟                                                   (4.3) 
where 𝛼 is the steering wheel angle, 𝑦 is the lateral displacement, ?̇? is the lateral velocity, and 𝑟 
is the roll angle of the vehicle. 𝑎 , 𝑏 , 𝑐 , and 𝑑  are the regression coefficients for the lateral 
displacement, lateral velocity, and roll angle, respectively. Table 4.13 lists the regression 
coefficients and 95% confidence intervals for three wind speed conditions.  
 
Table 4.13. Regression coefficients and confidence intervals 
Wind 
Speed 
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4.5. Summary and conclusions 
(1). Vehicle performance and driver behaviors have been investigated in considering crosswind 
and rainfalls using a high-fidelity vehicle simulator at LSU. 
(2). Single driver test and group driver test were taken under different wind conditions 
separately, to conclude the driver behaviors, such as the driver steering wheel angle and 
reaction time. In addition, the vehicle performance was evaluated as well, such as the 
vehicle lateral displacement, head yaw, and vehicle velocity.  
(3). In the single-driver test, means and standard deviation of the vehicle lateral displacement, 
head yaw, and velocity were demonstrated. Analysis of Variance was conducted on sample 
data to investigate the rainfall effect when encountering the crosswind and ANOVA results 
shows the rainy weather did not affect the vehicle head yaw in the ten test days. Lateral 
displacement was not impacted by the rainfalls according to ANOVA study on the mean 
values obtained in the ten test days. The driver behavior of steering angle and reaction time 
were studied through ANOVA method and no significant effect on driver behavior by the 
rainfalls.  
(4). In general, vehicle performance and driver behavior had acceptable consistence and did not 
have significant difference day by day. 
(5). An observation of lateral displacement during changing wind periods indicated the first six 
seconds were the high risk period for the vehicle when subjected to crosswind.  
(6). In the group-driver test, MANOVA and series repeated ANOVA were conducted to 
investigate the rainfall impact on the vehicle performance and driver behavior when 
encountering crosswinds and the results show no significant effect of the rainfall. 
(7). Wind speeds have significant effect on the vehicle lateral displacement and driver steering 
wheel angle, but no significant impact on the vehicle head yaw and driver reaction time. 
(8). Regression models of the steering wheel angle were created based on the constant wind 
speed period for the three wind speed conditions. 
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CHAPTER 5. EFFECTS OF CROSSWINDS AND DRIVER BEHAVIOR ON 
SAFETY ASSESSMENT OF HEAVY TRUCK  
5.1. Introduction 
5.1.1. Background 
Each year, more than 1.2 million vehicle crashes are weather-related in the United States, which 
causes about 6,000 deaths and over 445,000 injures, in terms of ten-year averages from 2005 to 
2014 NHTSA data. The injuries, loss of life, and property damage from weather-related crashes 
cost an average of $42 billion annually (Lombardo, 2000). The adverse effects of strong 
crosswind on the safety of vehicles have been recognized and reported worldwide. Newspaper 
reported overturned high-side vehicles on road side or on bridge deck frequently and strong wind 
has been blamed for many single-vehicle accidents every year, especially those involving trucks. 
These non-collision accidents put people in miserable situation and delayed transportation as 
well as caused other collision accidents, especially in hurricane-prone areas where evacuation is 
very necessary. 
 
To avoid the wind induced accidents, transportation authority usually set a speed limit to remind 
drivers slowing down vehicle speed and driving through the windy areas more carefully and 
safely. In past days, the speed limit or even the decision of traffic close was mainly made based 
on intuition or subjective experience. Thus, a group of researchers dedicated to investigate the 
vehicle safety of vehicles running through strong crosswind areas to avoid vehicle speed too high 
to be safe or too low to be efficient for transportation (Baker 1994; Gou and Xu 2006; Chen and 
Cai 2004).  
 
However, an experienced driver may avoid the accident with a proper operation of the vehicle. 
The driver behavior decides the vehicle trajectory and vehicle safety to some extent. Studies on 
driver behavior as well as the single-vehicle accidents are of importance. Therefore, a rational 
prediction of the vehicle speed limit under strong winds and other adverse weather is of utmost 




5.1.2. Previous research 
Baker (1986, 1987, 1991, and 1994) made early studies on the accident rate of high-side vehicle 
running through strong crosswind.  In his study, a BLOWOVER model was proposed based on 
the vehicle-wind interaction system to predict wind speeds and vehicle velocity to quantify 
accident risks. A series of failure modes were set for the driver/vehicle system to investigate the 
driver parameters, and a variation of safety areas in terms of both vehicle velocity and wind 
speeds were obtained.  
 
Beyond cases of vehicles running on the road surface, the situation of vehicles running through 
bridges and subjecting to strong crosswind has been studied in the last two decades. Xu and Guo 
(2003) presented a road vehicle and cable-stayed bridge system by assembling the equations of 
motion assuming no separation between the vehicle tire and bridge deck. This system was used 
to predict the responses of both the cable-stayed bridge and vehicles efficiently on a real case 
study. Furthermore, the ride comfort of road vehicles was investigated under the condition of 
bridge motion and crosswind impact and evaluated with document issued by International 
Standard Organization (ISO) (Guo et al., 2007, 2010; Xu et al. 2004, 2007, Wang et al. 2014, 
Zhang et al. 2013).  
 
Cai and Chen (2004a) derived the equations of motion of the vehicle-bridge coupled system 
under strong wind by the virtual work principle and developed a coupled wind-vehicle-bridge 
(WVB) analytical framework. Such a framework can be used to predict the dynamic 
performance of the coupled WVB system and analyze various vehicle cases, such as multiple 
vehicles and multiple-axle vehicles by simply adjusting the number of mass blocks, springs, and 
dampers. The vehicle accidents model was proposed based upon the WVB coupled system, the 
accident criteria, and the effect of driving behavior. 
 
Han et al. (2014a) studied the effects of aerodynamic parameters on the dynamic responses of the 
road vehicles and bridge under crosswind. The static forces on the vehicle of the coupled system 
model were based on the results from wind tunnel tests that focused on the aerodynamic 





Vehicle accidents due to strong wind sometimes may be avoided by driver’s proper handling of 
the vehicle, therefore, the effect of driver’s behavior on the vehicle accidents was considered in 
the accidents analysis as well. Based on an assumption that steering angle of the vehicle was 
related to the driver reaction time  and lateral displacement𝑌, Baker (1994) introduced two 
driver dependent parameters, 𝜆1 and 𝜆2, to consider the steering angle effect using the developed 
driver behavior model. 
 
Chen and Cai (2004) considered the driver’s reaction as the way that a driver would steer the 
vehicle being blown by wind laterally and rotationally across the road. It is supposed that a 
driver would set the steering angle in according to the lateral and yaw displacements, velocities 
and acceleration in order to keep the vehicle in position. The yawing response can be taken into 
account as well as the lateral displacement through adopting the lateral response of the front 
wheel other than that of the vehicle body.  
 
A second-order predictable correction model proposed by Yoshimoto (1968) was widely used in 
numerical simulations of the response of a moving vehicle subjected to strong wind (Maruyama 
and Yamazaki 2006). In this model, the steering force produced within the time interval is 
proportional to the predicted course deviation with the proportionality factor. The steering action 
of the driver affects the steering angle of the front tires through the rotational equation of motion 
of a steering system. 
 
A lateral steering controller was developed by Sharp et al. (2000) in consideration of three basic 
factors: lateral displacement, heading yaw error, and the preview distance of driver over the road 
head. Thus, the driver reacted and corrected the vehicle trajectory based on the vehicle real status 
and optical lever. The steering angle is calculated as the sum of the three elements. 
 
Among plenty of driver behavior models and wind-vehicle-bridge system, most researchers only 
picked one driver model to take into account of the driver effect on the vehicle performance 
under crosswind conditions. In the present study, wind-vehicle-bridge coupled system was 
developed and several driver models were considered in the coupled system in order to 




5.2. Vehicle dynamic and accident analysis models 
5.2.1. Vehicle dynamic model 
Due to the ability of evaluating vehicle designs before building prototypes and the possibility of 
investigating the vehicle performance and driver behavior, numerical simulations of vehicle 
dynamics have been used for decades. Vehicle models have been developed in more and more 
complex format from linear to nonlinear models. However, a usage of complex models for 
vehicle-bridge coupled system analysis is impractical because of many degrees of freedom with 
nonlinear models. Thus, in the present study, a linear single unit vehicle model was considered. 
To investigate the vehicle safety under the conditions of crosswind and bridge excitations, the 
coupled systems were built in consideration of the linear single vehicle, the bridge, and the wind 
disturbances.  
 
5.2.1.1. Rigid frame model (on bridge with wind) 
The single unit vehicle is modeled using three rigid bodies, i.e., the sprung mass, the front axle, 
and the rear axle. As a whole unit, the vehicle can yaw, move laterally, and run forward. For the 
roll motion, the sprung mass of the vehicle can rotate about the roll axis that is determined by the 
vehicle kinematic and suspension characteristics. In addition, the unsprung masses can also 
rotate about a horizontal axis to conform the tire vertical deformation.  The coordinate system is 
fixed on the vehicle body as shown in Figure 5.1.  
 
 
(a) view from back (b) view from top 





The vehicle equations of motion are derived based on the change of momentum and the sum of 
external forces. Based on the vehicle rigid model introduced by Sampson (2000), the wind loads 
and bridge excitations are introduced in the model. Thus, five force and moment equilibrium 
equations of vehicle motions in lateral and vertical directions are presented in Equations. (5.1) -
(5.5), respectively, below:  
 
𝑚𝑠ℎ?̈? = −𝑚𝑉(?̇? + ?̇?) + 𝑌𝛽𝛽 + 𝑌?̇??̇? + 𝑌𝛿𝛿 + 𝐹𝑤𝑦 + 𝑚𝑎𝑦 + 𝑚𝑔ɵ                                         (5.1) 
𝐼𝑧′𝑧′?̈? − 𝐼𝑥′𝑧′?̈? = −𝑁𝛽𝛽 − 𝑁?̇??̇? − 𝑁𝛿𝛿 + 𝑀𝑤𝑧                                                                         (5.2) 
                   −𝑚𝑠ℎ
2?̈? − 𝐼𝑥′𝑥′?̈? + 𝐼𝑥′𝑧′?̈? = −𝑚𝑠𝑔ℎ𝜙 + 𝑚𝑠𝑉ℎ(?̇? + ?̇?) + 𝑘𝑓(𝜙 − 𝜙𝑡𝑓) +
𝑙𝑓(?̇? − 𝜙𝑡𝑓̇ ) + 𝑘𝑟(𝜙 − 𝜙𝑡𝑟) + 𝑙𝑟(?̇? − 𝜙𝑡𝑟̇ ) − 𝑚𝑠𝑔ℎɵ − 𝑚𝑎𝑦ℎ − 𝐹𝑤𝑦ℎ𝑤 − 𝑀𝑤𝑥                    (5.3) 
−𝑟(𝑌𝛽𝛽 + 𝑌?̇??̇? + 𝑌𝛿𝛿) = −𝑚𝑢𝑓𝑉(𝑟 − ℎ𝑢𝑓)(?̇? + ?̇?) + 𝑚𝑢𝑓𝑔(𝑟 − ℎ𝑢𝑓)(𝜙𝑡𝑓 + ɵ) + 𝑘𝑡𝑓𝜙𝑡𝑓 −
𝑘𝑓(𝜙 − 𝜙𝑡𝑓) − 𝑙𝑓(?̇? − 𝜙𝑡𝑓̇ ) + 𝑚𝑢𝑓𝑎𝑦(𝑟 − ℎ𝑢𝑓) − 𝑎𝑟𝑜𝑙𝑙𝐼𝑥′𝑥′𝑚𝑢𝑓/𝑚                                       (5.4) 
− 𝑟(𝑌𝛽𝛽 + 𝑌?̇??̇?) = −𝑚𝑢𝑟𝑉(𝑟 − ℎ𝑢𝑟)(?̇? + ?̇?) + 𝑚𝑢𝑟𝑔(𝑟 − ℎ𝑢𝑟)(𝜙𝑡𝑟 + ɵ) + 𝑘𝑡𝑟𝜙𝑡𝑟 −
𝑘𝑟(𝜙 − 𝜙𝑡𝑟) − 𝑙𝑟(?̇? − 𝜙𝑡𝑟̇ ) + 𝑚𝑢𝑟𝑎𝑦(𝑟 − ℎ𝑢𝑟) − 𝑎𝑟𝑜𝑙𝑙𝐼𝑥′𝑥′𝑚𝑢𝑟/𝑚                                        (5.5) 
 
where 𝐹𝑤𝑦, 𝑀𝑤𝑧, and 𝑀𝑤𝑥 are lateral wind force, wind induced roll moment, and wind induced 
yaw moment; ɵ  is road superelevation;  𝑎𝑦  and 𝑎𝑟𝑜𝑙𝑙  are accelerations in lateral and rolling 
direction of bridge; 𝑚, 𝑚𝑠,  𝑚𝑢𝑓, and 𝑚𝑢𝑟 are total mass, sprung mass, front unsprung mass and 
rear unsprung  mass; ℎ is height of  the center of sprung mass, measured upwards from the roll 
center; ℎ𝑤 is height of the later wind force from rolling center; ℎ𝑢𝑓 and ℎ𝑢𝑟 are heights of front 
and rear unsprung center, measured upwards from ground; 𝑟 is height of rolling center, measured 
from ground; 𝑌𝛽, 𝑌?̇?, and 𝑌𝛿 are partial derivative of tire lateral forces with respect to sideslip 
angle, yaw gradient and steering angle, respectively; 𝐼𝑥′𝑥′, 𝐼𝑥′𝑧′, and 𝐼𝑧′𝑧′ are roll moment, yaw-
roll moment product, and yaw moment  of inertia of sprung mass, respectively; 𝑘, 𝑘𝑡, and 𝑙 are 
suspension roll stiffness, tire roll stiffness and suspension roll damping rate, respectively; the 
subscripts f and r indicate the front and rear axle, respectively; 𝜙 and 𝜙𝑡 are roll angle of sprung 
and unsprung mass, respectively; and 𝛽  and 𝜓  are vehicle sideslip angle and yaw angle, 
respectively. Equation (5.1) is the lateral force equation for the whole vehicle; Equation (5.2) is 




the sprung mass; and Equations (5.4) and (5.5) are the roll motion equation for the front and rear 
unsprung masses, respectively. 
 
For the convenience of numerical integrations, the five equations can be expressed in form of a 
state space representation as: 
𝐸?̇? = 𝐴𝑥 + 𝐵𝛿 + 𝐶                                                        (5.6) 
where 
𝑥 = [𝛽 ?̇? 𝜙 ?̇? 𝜙𝑡𝑓 𝜙𝑡𝑟]
𝑇



















































                (5.8) 
 













           
−𝑚𝑉 + 𝑌?̇?                       
𝑁?̇?
𝑚𝑠𝑉ℎ
𝑟𝑌𝜓?̇? − 𝑚𝑢𝑓𝑉(𝑟 − ℎ𝑢𝑓)
𝑟𝑌𝜓?̇? − 𝑚𝑢𝑟𝑉(𝑟 − ℎ𝑢𝑟)
0




















𝑚𝑢𝑓𝑔(𝑟 − ℎ𝑢𝑓) + 𝑘𝑓 + 𝑘𝑡𝑓
0
0












           (5.9) 
 
𝐵 = [𝑌𝛿 𝑁𝛿 0 𝑟𝑌𝛿𝑓 0 0]
𝑇                                        (5.10) 
                     𝐶 = [𝐹𝑤𝑦 + 𝑚𝑎𝑦 + 𝑚𝑔ɵ,     𝑀𝑤𝑧 ,      −𝑚𝑠𝑔ℎɵ − 𝐹𝑤𝑦ℎ𝑤 − 𝑀𝑤𝑥 − 𝑚𝑠𝑎𝑦ℎ, 




            𝑚𝑢𝑟𝑎𝑦(𝑟 − ℎ𝑢𝑟) + 𝑚𝑢𝑟𝑔(𝑟 − ℎ𝑢𝑟)ɵ − 𝑎𝑟𝑜𝑙𝑙𝐼𝑥′𝑥′
𝑚𝑢𝑟
𝑚
,   0]
𝑇




𝑌𝛽 = −μ∑ 𝐶𝛼,𝑗𝑗                                                       (5.12) 
 𝑁𝛽 = −μ∑ 𝑎𝑗
′𝐶𝛼,𝑗𝑗                                                    (5.13) 
𝑌?̇? = −μ∑ 𝑎𝑗
′𝐶𝛼,𝑗/𝑉𝑗                                               (5.14) 
 𝑁?̇? = −μ∑ 𝑎𝑗
′2𝐶𝛼,𝑗/𝑉𝑗                                             (5.15) 
𝑌𝛿 = μ𝐶𝛼,𝑗                                                              (5.16) 
 𝑁𝛿 = μ𝑎𝑗
′𝐶𝛼,𝑗                                                          (5.17) 
where 𝐶𝛼,𝑗 (j=f or r, i.e., the front or rear) is for tire cornering stiffness; 𝑎𝑗
′ (j=f or r) is for tire 
side slip angle; μ is road adhesion coefficient; and V  is vehicle velocity.  
 
5.2.1.2. Flexible frame model (on bridge with wind) 
As a significant part of vehicle safety concern, vehicle roll-over accident has to be investigated. 
The torsional compliance of the vehicle affects the distribution of roll moments between axle 
groups of vehicles with flexible frame design. For articulated vehicle, the rear end of trailer may 
roll over independently of the front end, which indicates the importance of torsional flexibility in 
vehicle roll-over evaluation.  The torsional compliance of the vehicle makes different roll angles 
at the front and rear parts of the vehicle as shown in Figure 5.2. A simplified model of the 
flexible frame model uses two rigid bodies to substitute the one rigid body in the rigid frame 
model. Namely, the sprung mass is split into the front and rear sections with proportional axle 
weights. A proper torsional spring with the same torsional stiffness of the vehicle frame is 
utilized to connect the two sections  
 





Compared with rigid frame vehicle model in section 5.2.1.1, the flexible model has two roll 
angles for the two sprung masses, which introduces an additional roll degree of freedom. Thus, 
the equation of motion of the roll moment for sprung masses will turn into two equations to 
substitute Equation. (5.3) in the rigid vehicle model. The equations of motion for the linear 
torsional flexible single vehicle unit model are as follow. 
 
𝑚𝑠𝑓ℎ𝑓𝜙?̈? + 𝑚𝑠𝑟ℎ𝑟𝜙?̈? = 𝑚𝑉(?̇? + ?̇?) − 𝑌𝛽𝛽 − 𝑌?̇??̇? − 𝑌𝛿𝛿 + 𝐹𝑤𝑦 + 𝑚𝑎𝑦 + 𝑚𝑔𝜃 (5.18) 
𝐼𝑧𝑧?̈? − 𝐼𝑥𝑧𝑓𝜙?̈? − 𝐼𝑥𝑧𝑟𝜙?̈? = 𝑁𝛽𝛽 + 𝑁?̇??̇? + 𝑁𝛿𝛿 + 𝑀𝑤𝑧 (5.19) 
−𝑚𝑠𝑓ℎ𝑓
2𝜙?̈? + 𝐼𝑥𝑥𝑓𝑓𝜙?̈? − 𝐼𝑥𝑧𝑓?̈?
= 𝑚𝑠𝑓𝑔ℎ𝑓𝜙𝑓 + 𝑚𝑠𝑓𝑉ℎ𝑓(?̇? + ?̇?) − 𝑘𝑓(𝜙𝑓 − 𝜙𝑡𝑓) − 𝑙𝑓(𝜙?̇? − 𝜙𝑡𝑓̇ )
− 𝑘𝑏(𝜙𝑓 − 𝜙𝑟) − 𝑙𝑏(𝜙?̇? − 𝜙?̇?) − 𝐹𝑏ℎ𝑏 − 𝑚𝑠𝑓𝑔ℎ𝑓ɵ − 𝑚𝑠𝑓𝑎𝑦ℎ𝑓
− 𝐹𝑤𝑦𝑓ℎ𝑤𝑓 − 𝑀𝑤𝑥𝑓 
(5.20) 
𝑚𝑠𝑟ℎ𝑟
2𝜙?̈? + 𝐼𝑥𝑥𝑟𝜙?̈? − 𝐼𝑥𝑧𝑟?̈?
= 𝑚𝑠𝑟𝑔ℎ𝑟𝜙𝑟 + 𝑚𝑠𝑟𝑉ℎ𝑟(?̇? + ?̇?) − 𝑘𝑟(𝜙𝑟 − 𝜙𝑡𝑟) − 𝑙𝑟(𝜙?̇? − 𝜙𝑡𝑟̇ )
+ 𝑘𝑏(𝜙𝑓 − 𝜙𝑟) + 𝑙𝑏(𝜙?̇? − 𝜙?̇?) + 𝐹𝑏ℎ𝑏 − 𝑚𝑠𝑟𝑔ℎ𝑟ɵ − 𝑚𝑠𝑟𝑎𝑦ℎ𝑟
− 𝐹𝑤𝑦𝑟ℎ𝑤𝑟 − 𝑀𝑤𝑥𝑟 
(5.21) 
𝑟(𝑌𝛽𝛽 + 𝑌?̇??̇? + 𝑌𝛿𝛿)
= 𝑚𝑢𝑓𝑉(𝑟 − ℎ𝑢𝑓)(?̇? + ?̇?) + 𝑚𝑢𝑓𝑔(𝑟 − ℎ𝑢𝑓)𝜙𝑡𝑓 + 𝑘𝑡𝑓𝜙𝑡𝑓




= 𝑚𝑢𝑟𝑉(𝑟 − ℎ𝑢𝑟)(?̇? + ?̇?) + 𝑚𝑢𝑟𝑔(𝑟 − ℎ𝑢𝑟)𝜙𝑡𝑟 + 𝑘𝑡𝑟𝜙𝑡𝑟
− 𝑘𝑟(𝜙𝑟 − 𝜙𝑡𝑟) − 𝑙𝑟(𝜙?̇? − 𝜙𝑡𝑟̇ ) + 𝑚𝑢𝑟𝑎𝑦(𝑟 − ℎ𝑢𝑟) − 𝑎𝑟𝑜𝑙𝑙𝐼𝑥′𝑥′𝑚𝑢𝑟/𝑚 
(5.23) 
where  𝑚𝑠𝑓  and  𝑚𝑠𝑟  are the front sprung mass and rear sprung mass; 𝜙𝑓  and 𝜙𝑟  are the roll 
angle for the front and rear sprung masses, respectively; and ℎ𝑓 and ℎ𝑟 are the heights of the 




Similar with the rigid vehicle model, the equations of motion can be expressed in form of a state 
space representation as: 
 






































































































































































            𝑞 = [𝛽 ?̇? 𝜙𝑓 𝜙𝑟 𝜙?̇? 𝜙?̇? 𝜙𝑡𝑓 𝜙𝑡𝑟]
𝑇
 (5.27) 
            𝐶 = [−𝑌𝛿 𝑁𝛿 0 0 −𝑟𝑌𝛿𝑓 0 0 0]
𝑇 (5.28) 

















5.2.2. Driver behavior model 
For the vehicle safety concern, driver behavior model should be taken into account since a proper 




guardrails). In some researchers’ studies, the driver behavior model is expected to correct the 
trajectory according to the vehicle’s lateral displacement, lateral velocity, yaw angel and yaw 
gradient (Baker, 1994; Chen and Cai, 2004; Sharp et al., 2000).  
 
Baker introduced driver behavior model into the vehicle based an assumption that steering angle 
of the vehicle was related to the driver’s reaction time  and lateral displacement 𝑌. To simulate 
different driver behaviors, two driver dependent parameters, 𝜆1and 𝜆2, to consider the steering 
angle handled by the driver and the driver behavior model became: 
𝛿 = 𝜆1(𝑡 − )𝑌 + 𝜆2(𝑡 − )𝑑𝑌/𝑑𝑡                                                     (5.29) 
 
Chen and Cai (2004) considered driver’s reaction as the way that a driver would steer the vehicle 
being blown by wind laterally and rotationally across the road. It is supposed that a driver would 
set the steering angle in according to the lateral and yaw displacements, velocities and 
acceleration in order to keep the vehicle in position. The yawing response can be taken into 
account as well as the lateral displacement through adopting the lateral response of the front 




− 𝜆1(𝑌 + 𝜓𝐿1) − 𝜆2(?̇? − ?̇?𝐿1)                                         (5.30) 
where R is the radius of turn; 𝜆1 and 𝜆2 are related to the driver behavior and are assumed to be 
constants for a driver. 𝐿1 and  𝐿2 are horizontal distance between the center of gravity to the 
front and rear wheels, respectively; 𝜓 is the yaw angle. 
 
A lateral steering controller was developed by Sharp et al. (2000) in consideration of three basic 
factors: lateral displacement, heading yaw error, and the preview distance of driver over the road 
head. Thus, the driver reacted and corrected the vehicle trajectory based on the vehicle real status 
and optical lever. The steering angle is calculated as the sum of the three elements as follows: 
𝛿 = 𝑘𝑦 ∙ ∆𝑌1 + 𝑘𝜑 ∙ ∆𝜑 + 𝑘𝑙 ∙ ∆𝑌2                                                  (5.31) 
where 𝑘𝑦, 𝑘𝜑, and 𝑘𝑙 are control gain for the vehicle lateral displacement, head yaw angle, and 
lateral offset at end of driver preview distance, respectively. ∆𝑌1, ∆𝜑, and  ∆𝑌2 are the lateral 






Beside the numerical driver models presented above, based on driving simulator experiments, 
regression model for the driver performance is introduced as well. In Chapter 4, a regression 
model of the driver steering wheel angle was developed. To conform to the numerical driver 
model with a steering angle input, the steering wheel angle handled by the driver will transfer to 











)                              (5.32) 
where 𝐾𝑠 is the steering system stiffness; 𝐾𝑓 is the front tire stiffness; 𝜉 is the pneumatic trail; 𝛼 
is the steering wheel angle; 𝛽 is the side-slip angle; 𝑙𝑓  is the horizontal distance between the 
center of gravity to the front wheel axels; 𝑟 is the yaw angular velocity; and 𝑉 is the vehicle 
longitudinal velocity. 
 
5.2.3. Accident criteria model 
Usually, three types of typical accidents could happen for vehicles travelling on the road or 
bridge, that is, sideslip, rotational, and overturn (or rollover). The lateral sideslip and rotational 
accidents will make the vehicle move into other lanes causing potential accidents, such as 
impacting other vehicles, curbs, guardrail, or tripping the vehicle into rollover (Chen and Cai 
2004). The overturning or rollover accidents will happen when the C. G. of the vehicle becomes 
higher than the rollover point. The guidelines for accident identifications used in Baker (1991) 
will be adopted for this study: the overturning accident is said to happen when one of the wheel 
reactions becomes zero; the lateral sideslip accident is said to happen when the lateral deviation 
exceeds 0.5m; and the rotational accident is said to happen when the yaw angle exceeds 0.2 
radius (Baker 1991; Chen and Cai 2004). Although in reality an experienced driver could be able 
to stabilize the vehicle when such situation occurs or even in worse conditions, those 





5.3. Description of numerical study 
5.3.1. Vehicle model 
In this study, a single rigid frame vehicle was considered and the dynamic parameters of the 
vehicles used are listed in Table 5.1. 
 
Table 5.1.  Dynamic parameter of the vehicles 
Parameters              Value 
ms 12000 kg 
muf , mur 545, 2087 kg 
r 1.5 m 
af ,ar 2.4, 5.8 m 










Longitudinal  friction coefficient -0.075  
Lateral friction coefficient 2.5  
 
5.3.2. Wind load 
A sudden wind was applied on the vehicle to simulate the situation that the vehicle experiences a 
sudden change of wind action, such as just passing the bridge tower, enter/exit a bridge or 
highway road with noise barrier wall, or enter/exit a tunnel in the windy mountain area. The total 
time considered is 20s, where the sudden wind was applied in the beginning and stayed for 10s, 
and at the end of 10s, the wind was removed. The crosswind force was calculated based on 
existing wind velocity spectra as described in Chapter 3. The wind velocity includes two parts, 
i.e., the mean velocity and the turbulent velocity. The forth-order Runge-Kutta method was used 
to solve the equations of motion discussed in the previous section with the time step of 0.02s. 
 
5.4. Safety assessment of articulated lorry heavy truck  
5.4.1. Comparison of driver behavior models 
Four driver behavior models have been described in the above section. Those driver models are 




shows the lateral displacement and yaw angle of the vehicle driving at speed of 15 m/s and under 
crosswind at a speed of 15m/s for a case when no driver behavior was considered as shown in the 
bottom subplot of the figure. It can be seen that the lateral displacement gradually increased from 
zero to around 2m under the crosswind, and maintain almost the same value after the wind was 
removed. The same trend is observed from the yaw angel time history as shown in the middle 
subplot of the figure, that is, the yaw angle of the vehicle gradually increased to -0.6 radius. It 
indicates that without the driver control, both the lateral displacement and yaw angle of the 
vehicle exceed the accident occurrence criteria stated above, and the vehicle cannot return to its 
original position even after the wind vanishes.    
 
 
Figure 5.3. Vehicle responses without driver steering (U=V=15 m/s) 
 
To consider the driver behavior, the driver model adopted in Baker (1994) as shown in Eq. (5.29) 
was firstly used here. Figure 5.4 shows the lateral displacement and yaw angle of the vehicle 
after applying the Baker driver model where λ1=0.3 and λ2=0.01. It is observed from the top 
subplot of the figure that the maximum lateral displacement of the vehicle is about 0.2m, which 
is below the accident criteria. Compared to the case without including the driver behavior, the 
lateral displacement has a significant drop from 2m after the driver steering was applied. Also, as 
can be seen in the beginning of the top subplot, the lateral displacement of the vehicle rapidly 
increases to the maximum when subjecting to the sudden wind. After that, the lateral 




vehicle moved around the road centerline with little sideslip, which shows the effect of driver 
control. It is consistent with the reality as the vehicle will have a large sideslip when subjecting 
to a sudden wind and the driver will control the vehicle to move back to and around the road 
centerline when the wind action is stable. At 10s when the wind is removed, the vehicle has a 
negative sideslip because the removal of wind is equivalent to placing a wind in the opposite 
direction. The same trend is observed for the steering angle as shown in the bottom subplot of the 
figure. It is also observed that there is one and a half cycles in the first 5s, which implies the 
driver’s adjusting frequency is not high when the wind speed is not high. 
 
As for the yaw angle, it is observed that the value increased gradually under crosswind and 
maintain that value when the wind is removed. Intuitively, we may think that the yaw angle 
should return to around zero after the wind is removed. The reason why the yaw angle does not 
return to zero is that there is no moment applied to adjust the vehicle direction. In the program, 
the wind speed is set to be zero to simply simulate the wind removal. However, in reality, when 
the wind vanishes, the driver has to manually adjust the steering wheel to make the vehicle back 
to the original direction, which is not simulated in the program.  
 
 





Figure 5.5 shows the lateral displacement and yaw angle of the vehicle after applying the driver 
model used in Chen and Cai (2004) as shown in Eq. (5.30), where λ1=0.2 and λ2=0.1. It is 
observed that the maximum lateral displacement is close to 1.5m and maintain the same after the 
wind was removed. The result is slightly better than the case without driver model but worse 
than the case with Baker’s model, although in Chen’s model the effect of yaw angle and yaw rate 
on the steering angle has been considered as shown in the equation. The possible reason could be 
the values of λ1 and λ2 that stands for different driver behavior as will be discussed later. 
Meanwhile, the vehicle responses considering the driver model used in Sharp (2000) are shown 
in Figure 5.6. In Eq. (5.31), the parameters are determined as 𝑘𝑦=0.96 and 𝑘𝜑=15.64/57. It is 
observed that the maximum lateral displacement is about 0.2m. The entire curve is kind of 
smooth and no rapid change has been observed in the beginning and end of the wind action. 
From the steering angle, it is found that the adjusting frequency is much higher than that of the 
previous two driver models. Also, the value of steering angles after the wind removal is larger 
than that when wind action exists, which does not make much sense.  
 
 





Figure 5.6. Vehicle responses with driver model (Sharp model) 
 
The regression model obtained from the driving simulator as described in Chapter 4 is also 
compared here although it is derived from the sedan vehicle. The vehicle responses using this 
regression model is shown in Figure 5.7. The maximum lateral displacement is about 0.1m, 
which is the smallest value among all the driver models. A rapid increase in the sideslip has been 
observed at the beginning of the wind action and a rapid drop at the beginning of wind removal. 
However, the vehicle does not return to the road centerline after the wind is removed.  
 




5.4.2. Effects of driver behavior  
Among all the four driver models, the Baker model is the most efficient one in terms of 
correcting the lateral displacement by controlling the steering angle. Actually, as can be seen 
from Eqs. (5.24) – (5.27), in all the models, the steering angle is dependent on the lateral 
displacement, yaw angle, and/or their derivatives. The effect of each term is weighted by the 
parameters in front of each term, for example λ1 and λ2 in Eq. (5.24) and Eq. (5.25). As stated in 
Baker (1991) and Chen and Cai (2004), λ1 and λ2 are parameters related to the driver behavior 
and are constant for the same driver, which means they are different for different drivers. The 
effect of different drivers is to be analyzed, which is necessary for the study of driver behavior. 
Based on the comparison study in the previous section, the Baker model is the most reasonable 
driving model with the chosen parameters since it can reflect the effect of sudden wind action 
and the lateral displacement can return to around zero value. Therefore, the Baker model was 
adopted for the further study on the uncertainty of driver behavior.  
 
5.4.2.1. Low wind speed 
The driver behavior with a driving speed of V=15 m/s and a low wind speed of U=15 m/s was 
firstly investigated. Figure 5.8 shows the four cases with λ1=0.3 and λ2=0.01, 0.1, 0.5, and 1.0, 
respectively. It is found that with different λ2 values, the lateral displacement of the vehicle is 
significantly different. With the increase of λ2, the maximum lateral displacement significantly 
decreases from about 0.2m to 0.04m. The curves with different λ2 also vary significantly, which 
indicates that the driving styles are greatly different. In the case of λ2=0.01, the driver needs two 
or three cycles to control the vehicle to return to the centerline. In the cases of λ2=0.5 and λ2=1, 
since the absolute value of the lateral displacement is relative small, it is easier for the driver to 
control the vehicle without great swing. The same trend can be observed from the steering angle 






Figure 5.8. Lateral displacement under different drivers (λ1=0.3, U=V=15 m/s) 
 
 
Figure 5.9. Steering angle under different drivers (λ1=0.3, U=V=15 m/s) 
 
Figure 5.10 shows the maximum lateral displacement in each case with λ2 varying from 0.01 to 
5. It is observed that the maximum sideslip decreases with the increasing values of λ2, especially 
when λ2 is smaller than 0.5. When λ2 is greater than 0.5, the maximum lateral displacement has 




trend is observed and the maximum sideslip is almost constant when λ1 is greater than about 0.3. 
As can be seen in Eq. (5.24), λ1 is related to the sideslip and λ2 is related to the sideslip velocity.   
 
 
Figure 5.10. Maximum lateral displacement changing with λ 2 (λ1=0.3, U=V=15 m/s) 
 
 
Figure 5.11. Maximum lateral displacement changing with λ 1 (λ2=0.1, U=V=15 m/s) 
 
The maximum lateral displacement and steering angle changing with both λ1 and λ2 are shown 
in Figure 5.12. It is found that both the sideslip and steering angle decrease with the increasing of 





Figure 5.12. Maximum lateral displacement and steering angle changing with λ1 and λ2 
 
5.4.2.2. High wind speed effect  
The driver behavior with driving speed of V=15 m/s and a high wind speed of U=35 m/s was 
investigated here. Figure 5.13 shows the vehicle lateral displacement with λ1=0.3 and λ2=0.01, 
0.1, 0.5, and 1.0, respectively. The maximum lateral displacement significantly decreases from 
about 1.0m to 0.2m. When λ2=0.01, the maximum sideslip exceeds the accident criteria, while 
that of the other three cases is under the accident criteria, which indicates that the vehicle safety 
significantly varies under different drivers even under the same condition. The driving styles are 
greatly different. It is also found that when the sideslip is large, the driver needs more time and 
distance to adjust, i.e., the adjusting frequency is low as shown in the top subplot; while the 
adjusting frequency is high when the sideslip is small as shown in the bottom subplot. It is 
clearly demonstrated from the steering angle shown in Figure 5.14 that when λ2=0.5 and λ2=1.0, 






Figure 5.13. Lateral displacement under different drivers (λ1=0.3, V=15 m/s, U=35m/s) 
 
 
Figure 5.14. Steering angle under different drivers (λ1=0.3, V=15 m/s, U=35m/s) 
 
Figure 5.15 shows the maximum lateral displacement in each case with λ2 varying from 0.01 to 
5. It is observed that the smallest maximum sideslip (negative 0.6 m) happens when λ2=0.01, the 
sideslip reaches the largest (about positive 0.5 m) when λ2=0.05, and gradually decreases with 




λ1 and λ2 are shown in Figure 5.16. The trend observed in the high wind speed is different from 
that with low wind speed.   
 




Figure 5.16. Maximum lateral displacement and steering angle changing with λ1 and λ2 (V=15 
m/s), U=35 m/s) 
5.5. Conclusions 
In the present study, a wind-vehicle-bridge coupled system was developed in consideration of the 
linear rigid single vehicle, the bridge, and wind disturbances. Four driver behavior models were 
considered in the coupled system. Then, safety assessments of a heavy vehicle were conducted to 





Without considering the driver model, both the lateral displacement and yaw angle of the vehicle 
exceed the accident criteria, and the vehicle cannot return to its original position even after the 
wind vanishes. However, with the driver model, the lateral displacement has a significant drop, 
and the vehicle was suppressed around the zero value, i.e., the vehicle moved around the road 
centerline with a small sideslip. Among all the four driver models, for the studied cases with the 
chosen parameters the Baker model is the most efficient one in terms of correcting the lateral 
displacement through the steering angle. 
 
Parameter λ1 and λ2 are related to the driver behavior and vary with different drivers. The effect 
of different drivers is studied under low wind speed and high wind speed, respectively. It is 
found that the adjusting frequency is low when the sideslip is large. It is also found that the trend 
of adjusting frequencies in the condition with high wind speed is different from that with low 




Baker, C.J. 1986, “Train aerodynamic forces and moment from moving model experiments”, J. 
Wind Eng. Ind. Aerodyn. 24:227-251. 
Baker, C. J. 1986, “A simplified analysis of various types of wind-induced road vehicle 
accidents”, J. Wind Eng. Ind. Aerodyn. 22: 69-85. 
Baker, C.J. 1986, “Train aerodynamic forces and moment from moving model experiments”, J. 
Wind Eng. Ind. Aerodyn. 24: 227-251. 
Baker, C.J. 1987, “Measures to control vehicle movement at exposed sites during windy periods”, 
J. Wind Eng. Ind. Aerodyn. 25: 151-161. 
Baker, C. J. 1991, “Ground vehicles in high cross winds .3. The interaction of aerodynamic 
forces and the vehicle system”, J. Fluid Struct., 5: 221-241. 
Baker, C. J. 1994, “The quantification of accident risk for road vehicles in cross winds”, J. Wind 
Eng. Ind. Aerodyn. 52: 93-107. 
Cai, C.S. and Chen, S.R. 2004, “Framework of vehicle-bridge-wind dynamic analysis”, J. Wind 
Eng. Ind. Aerodyn., 92, 579-607. 
Chen, S.R. and Cai, C.S. 2004, “Accident assessment of vehicle on long-span bridges in windy 




Guo, W.W., Xu, Y.L, Xia, H., Zhang, W.S., Shum, K.M. 2007 “Dynamic Response of 
Suspension Bridge to  Typhoon and Trains II: Numerical Results.” Journal of Structural 
Engineering 133(1): 12-21. 
Guo, W.W., Xia, H., Xu, Y.L. 2010 “Running safety analysis of a train on the Tsing Ma Bridge 
under turbulent wind,” Earthquake Engineering and Engineering Vibration  9(3):307-318 
Guo, W. H., and Xu, Y. L. 2006. “Safety analysis of moving road vehicles on a long bridge 
under crosswind.” J. Eng. Mech. 132(4): 438-446. 
Han, Y., Hu, J.X., Cai, C.S., Chen, Z.Q. and Li, C.X. 2013, “Experimental and numerical studies 
of aerodynamic forces on vehicles and bridges”, Wind Struct. 17(2):163-184. 
Han, Y., Cai, C.S., Zhang, J.R., Chen, S.R. and He, X.H., 2014, “Effects of aerodynamic 
parameters on the dynamic responses of road vehicles and bridges under crosswinds”, J. Wind 
Eng. Ind. Aerodyn, 134:78-95. 
Maruyama, Y., and Yamazaki, F. 2006. “Driving simulator experiment on the moving stability 
of an automobile under strong crosswind.” J. Wind Eng. Ind. Aerodyn. 94:191-205. 
Sampson, D. 2000, “Active roll control of articulated heavy vehicles”, Ph.D. dissertation, 
Cambridge University, London. 
Sharp, R.S., Casanova, D. and P. Symonds. 2000. “ A mathematical model for driver steering 
control, with design, turning and performance results.”  Vehicle System Dynamics 33(5): 289-
326. 
Xu, Y.L. and Guo, W.H. 2003. “Dynamic analysis of coupled road vehicle and cable-stayed 
bridge systems under turbulent wind”, Eng. Struct., 25: 473-486. 
Xu, Y.L., Xia, H. and Yan, Q.S. 2003. “Dynamic Response of Suspension Bridge to High Wind 
and Running Train”, J. Bridge Eng., 8(1): 46-55. 
Xu, Y. L. and Guo, W. H. 2004. “Effects of bridge motion and crosswind on ride comfort of road 
vehicles”, J. Wind Eng. Ind. Aerodyn., 92:641-662. 
Xu, Y.L., Guo, W.W., Chen, J., Shum, K.M., Xia, He. 2007.”Dynamic response of suspension 
bridge to typhoon and trains. I: Field measurement results,” Journal of Structural Engineering, 
133(1): 3-11. 
Yoshimoto K 1968. “Simulation of driver-vehicle systems using a predictable model of driver’s 
steering”. Journal of Japanese society of Mechanical Engineers 71:1181-1186 (in Japanese). 
Zhang T., Xia H., Guo W.W. 2013. “Analysis on running safety of train on bridge with wind 





CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS 
In this dissertation, a frame work of wind-vehicle-bridge was developed with driver’s behavior 
being considered and a combined safety assessment was conducted. In the coupled system, more 
accurate vehicle aerodynamic forces and realistic driver models were involved. For the 
aerodynamic forces of the vehicle and bridge, CFD method was used to simulate the flow field 
around the system. To evaluate the driver’s behavior when encountering crosswind, a driving 
simulator experiment was designed and conducted in the LSU driving simulator lab. Based on 
the simulator experiment data, a regression model of the driver behavior was derived as well. 
Then, numerical case studies were performed to investigate influences of the driver models on 
the vehicle accident.  
 
6.1. Aerodynamic coefficients of road vehicles under crosswind 
An investigation of lorry aerodynamic characteristics was conducted in consideration of 
situations that the lorry moves on a typical flat box bridge deck under crosswind through CFD 
simulations. Firstly, the aerodynamic coefficients of the lorry running on the bridge using 
resultant wind method with stationary mesh technology were obtained to validate the results of 
the numerical simulation. Then, the aerodynamic coefficients of the lorry were predicted using 
dynamic mesh technology, through which the real relative motion between the lorry and the 
bridge deck were simulated. In addition, through the dynamic mesh technology, the cases of the 
lorry moving on the ground and on four different bridge lanes were studied to probe into the 
effects of the bridge deck on the aerodynamic coefficients of the lorry. Similarly, the variance of 
aerodynamic coefficients among four different types of vehicles is explored. 
 
The simulated results of the lorry obtained from the sliding mesh system exhibit different 
aerodynamic features from the fixed mesh system because of the relative motion between the 
lorry and bridge deck surface. The lift force coefficient displays an increase of some 40% and the 
average value of the six coefficients is about 10% increase in the sliding model study, which 
illustrates the importance of simulating the relative motion when predicting the vehicle 
aerodynamic characteristics for the assessment of vehicle safety. The distinct flow field around 




aerodynamic coefficient of the lorry obtained with the sliding mesh system and fixed mesh 
system. 
 
When the lorry is moving on the bridge deck, the lift force coefficient becomes smaller and roll 
moment coefficient becomes larger, while the pitch moment coefficient turns into negative value 
compared with the lorry moving on the open ground. The growth of the roll moment coefficient 
of the lorry contributes to an easier turnover of the lorry and the negative pitch moment 
coefficient dedicates a raise of the lorry head. Based on the vehicle type studies, in general, the 
value of the aerodynamic coefficients follows a rule that the big size vehicle possesses a larger 
absolute coefficient value. The heavy truck possesses the largest absolute values of 
force/moment coefficients at most concerned yaw angles and has the highest risk of accidents 
compared to the other three types of vehicles when driving through crosswind on the bridge deck. 
 
6.2. Vehicle and driver performance from simulator experiment 
Vehicle performance and driver behaviors have been investigated in considering crosswind and 
rainfalls using a high-fidelity vehicle driving simulator at LSU. Single driver tests and group 
driver tests were conducted under different wind conditions separately, in order to study the 
driver behaviors, such as the driver steering wheel angle and reaction time. In addition, the 
vehicle performance was evaluated as well, such as the vehicle lateral displacement, head yaw, 
and vehicle velocity.  
 
In the single-driver test, means and standard deviation of the vehicle lateral displacement, head 
yaw, and velocity were demonstrated. Analysis of Variance was conducted on sample data to 
investigate the rainfall effect when encountering the crosswind and ANOVA results shows the 
rainy weather did not significantly affect the vehicle head yaw in the ten test days. Lateral 
displacement was not impacted by the rainfalls according to ANOVA study on the mean values 
obtained in the ten test days. The driver behavior of steering angle and reaction time were 
studied through ANOVA method and no significant effect on driver behavior by the rainfalls was 
found. In general, vehicle performance and driver behavior had acceptable consistence and did 





In the group-driver test, an observation of the lateral displacement during changing wind periods 
indicated the first six seconds were the high risk period for the vehicle when subjected to 
crosswind. MANOVA and a series of repeated ANOVA were conducted to investigate the 
rainfall impact on the vehicle performance and driver behavior when encountering crosswinds 
and the results show no significant effect of the rainfall. Wind speeds have significant effect on 
the vehicle lateral displacement and driver steering wheel angle, but no significant impact on the 
vehicle head yaw and driver reaction time. 
 
Finally, regression models of the steering wheel angle were proposed based on the constant wind 
speed period for the three wind speed conditions. 
 
6.3. Safety assessment of vehicles  
In the present study, a wind-vehicle-bridge coupled system was developed in consideration of the 
linear rigid single vehicle, the bridge, and wind disturbances. Four driver behavior models were 
studied in the coupled system. Then, safety assessments of a heavy vehicle were conducted to 
compare the driver behavior models and investigate the effect of driver behavior. 
 
Without the driver model, both the lateral displacement and yaw angle of the vehicle exceed the 
accident criteria, and the vehicle cannot return to its original position even after the wind 
vanishes. However, with the driver model considered, the lateral displacement has a significant 
drop, and the vehicle was suppressed around the zero value, i.e., the vehicle moved around the 
road centerline with small sideslip. Among all the four driver models, for the studied cases with 
the chosen parameters the Baker model is the most efficient model in terms of correcting the 
lateral displacement through the steering angle. 
 
Parameter λ1 and λ2 are related to the driver behavior and vary with different drivers. The effect 
of different drivers is studied under low wind speed and high wind speed, respectively. It is 
found that the adjusting frequency is low when the sideslip is large. It is also found that the trend 
of adjusting frequencies in the condition with high wind speed is different from that with low 






6.4. Recommendations for future research 
The writer believes that the following issues deserve further studies: 
 
With the wide applications of CFD, investigation of complex flow field around the vehicle and 
bridge system becomes more and more feasible with consideration of the interaction between the 
vehicle and bridge. The aerodynamic forces can be calculated for more vehicle types and bridge 
types. The transient aerodynamic phenomena induced by the moving vehicle on the bridge will 
be investigated in future work with the help of dynamic mesh technology. In addition, the effects 
of the turbulence and wind gust on the aerodynamic forces/moments of the vehicle and bridge 
system will be considered in near future. 
 
Driver behavior controls vehicle in varying operations and mainly affects the vehicle’s trajectory. 
Thus, it is important to investigate the effect of driver behavior on the vehicle safety when 
running in adverse conditions. In the future, more comprehensive driver models should be 
explored. Driving simulator can be adopted to study driver behavior under different condition by 
defining different driving environments. 
 
In this dissertation, the wind force was calculated firstly and then used in the WVB coupled 
system as an input. In the future work, to mimic more realistic, a comprehensive numerical 
model should be built. With the powerful numerical simulation technology, a combination with 
the aerodynamic software and coupled WVB system should incorporate the wind forces on the 
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